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Abstract 

Electrochemotherapy (ECT), as one of the very few available treatments for cutaneous and 
subcutaneous tumors when surgery and radiotherapy are no longer available, requires applying a 
proper electric field to the tumor to realize electroporation-mediated cytotoxic drug delivery. It is 
impossible to exhaust all possible electrical parameters on patients to realize the optimal tradeoff 
between tumor suppression and adverse effects. To address this issue, this study provides a feasible 
solution by developing a four-leaf micro-electrode chip (F-MEC) in which the electric field was 
specially designed by linear distribution to cover all possible electric field strengths for ECT.  
Methods: We developed a F-MEC that provides a linearly varied electric field and a capacity for in 
situ observation of cell status. By culturing tumor cells on the F-MEC surface and in situ monitoring 
the cell responses to ECT drugs, the optimal electric field strength for any given cell type could be 
rapidly and accurately calculated in a few, or even only one, simple assay.  
Results: Using this chip, we monitored MCF-7 and A315 cell responses to ECT and determined the 
optimum ECT voltage. More importantly, we successfully verified that the in vitro determined 
voltage coincided with the optimal value for in vivo ECT in mice.  
Conclusion: In this proof-of-concept study, the in vivo tumor suppression assays proved that the 
optimal parameters acquired from in vitro F-MEC assay could be used for in vivo ECT. 
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Introduction 
Electrochemotherapy (ECT) is currently an 

established method for the local treatment of 
cutaneous and subcutaneous tumors [1-4] if surgery 
and radiotherapy are no longer available [5, 6]. ECT 
combines administration of non-permeant or 
poorly-permeant chemotherapeutic drugs with 
application of in vivo cell electroporation to facilitate 
drug delivery into tumor cells [7-13]. Since 1988, when 
ECT was first proved in vitro [14], many clinical 
studies had demonstrated its safety and effectiveness 
[1, 2, 15]. As a result, ECT has gradually become an 
accepted clinical method. A standard operating 

procedure (SOP) for ECT was issued in 2006, as a 
milestone for the technology [16]. This undoubtedly 
increased the usage of ECT in clinics, especially in the 
European Union [17]. In 2012, more than 3,000 
patients were treated with ECT in the European 
Union [18].  

To perform ECT, cytotoxic drugs are first 
injected, either intravenously or intramuscularly, into 
patients to obtain an adequate drug concentration in 
tumor tissue [3]. Then, a sufficiently high electric field 
is applied to the tumor [19-22]. Thus, the tumor cells 
exposed to the electric field are electroplated to 
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uptake the cytotoxic drugs [21, 23]. Once the electric 
field is removed, the permeable cell membrane reseals 
accordingly [24, 25]. The drugs accumulate in the cell 
interior to eventually kill the tumor cells and suppress 
tumor growth [26]. In ECT process, the drug type and 
electrical parameters are two dominant factors 
affecting the therapeutic effects of ECT. Currently, 
bleomycin has outperformed other candidate drugs 
and has become predominant in ECT, benefiting from 
the higher potentiation of its cytotoxicity [26-34]. 
Another prospective drug, cisplatin, is still under 
clinical evaluation [21, 23, 35]. However, compared 
with selecting a proper drug from very limited 
options, deciding the optimal electrical parameters 
from a wide variety of combinations is far more 
challenging. Because of the cell heterogeneity, 
different cancers may demand entirely different 
electrical parameters to achieve the optimum 
therapeutic effects. Thus it is quite likely that the 
voltage needs to be varied, sometimes dramatically, 
while electroporating different kinds of cells. In the 
SOP of ECT [16], there are recommend voltages for 
each kind of electrode, such as 960 V for a pair of 
parallel plate-electrodes with 8 mm spacing or 400 V 
for needle-like electrodes with 3 mm spacing [27]. The 
corresponding electric field strength approximately 
ranges from 1000 V/cm to 1350 V/cm. The reason of 
appointing a fixed high voltage for each kind of 
electrode, ignoring the differences among diverse 
cancer types, is to ensure killing of the cancer cells and 
simplify the diagnosis/treatment procedures [36]. 
Following the SOP, fixed voltage has been used in the 
majority of clinical practices, in which varying 
degrees of adverse reactions have been reported, such 
as pain, bleeding, electrically burnt skin and 
uncontrollable muscle contraction [27, 37]. Some of 
these adverse effects might be alleviated by reducing 
the voltage according to cancer type or individual 
diversities, since the fixed high voltage may be 
excessive for some patients. In fact, it was considered 
necessary to add cancer-type-dependent voltages into 
the decision tree while compiling the new modified 
SOP [27].  

It is impossible to exhaust all combinations of 
electrical parameters on patients. It was demonstrated 
that in vitro optimized electrical parameters could be 
used for in vivo ECT [28-33]. Further clinical study 
proved the in vitro optimization of electrical 
parameters was a useful guidance for the treatment of 
patients [30]. Various studies explored in vitro 
optimization of electrical parameters for ECT by 
employing commercial apparatus, such as 
electroporation cuvettes [30] and parallel 
plate-electrodes [33]. Using these commercial devices, 
parameter optimization is still a time-consuming and 

costly process, in which plenty of parallel assays 
should be performed to exhaust all possible 
parameters. This is obviously not practical for 
large-scale clinical applications. Customized 
micro-devices have also been used to investigate 
behavior of tumor cells [38, 39], especially their 
responses to ECT [40, 41]. However, the lack of in vivo 
verification limits the clinical usage of existing 
micro-devices on ECT. 

To address these issues, this study explored a 
different strategy. For a specific cancer type, we 
intended to use only one assay to acquire the 
optimum ECT voltage. We developed a simple 
four-leaf micro-electrode chip (F-MEC) that provides 
a linearly varied electric field and a capacity for in situ 
observation of cell status. Using this chip, we 
monitored cell responses to ECT and determined the 
optimum ECT voltage. More importantly, we 
successfully verified that the in vitro determined 
voltage coincided with the optimal value for in vivo 
ECT in mice.  

Experimental section 
Materials, cells and animals 

Therapeutic bleomycin hydrochloride (Takasaki 
Plant, Nippon Kayaku Co. Ltd, Japan) was used in 
ECT assays. The bleomycin hydrochloride powder 
was dissolved in PBS buffer with a concentration of 15 
mg/mL. A modified hypo-osmolar electroporation 
buffer (25 mM KCl, 0.3 mM KH2PO4, 0.85 mM 
K2HPO4, 36 mM myo-inositol) was used for ECT 
assays. Before performing ECT, the bleomycin 
solution was diluted to 150 μg/mL by electroporation 
buffer.  

For in vitro ECT assays, MCF-7 (human breast 
adenocarcinoma cell) and A375 (human melanoma 
cells) cells were used. Both kinds of cells were grown 
in Dulbecco’s modified Eagle’s medium (DMEM) that 
was supplemented with 10% fetal bovine serum 
(Sigma-Aldrich), 100 units/mL penicillin and 100 
μg/mL streptomycin (Gibco). Cells were incubated at 
37°C in 5% CO2 humidified atmosphere. All cells were 
seeded in culture dish (Corning) 2–3 days prior to the 
experiments.  

For in vivo ECT assays, female BALB/c nude 
mice (18-22 g) were purchased from Vital River 
Laboratories (Beijing, China). For tumor inoculation, 
7.5×106 MCF-7 cells were injected subcutaneously into 
the right axillary fossa of the BALB/c nude mice. 
Animals were maintained in Peking University 
Laboratory Animal Center, which is an 
AAALAC-accredited and specific pathogen free (SPF) 
experimental animal facility. All of the experimental 
animals in our study were treated in accordance with 
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protocols approved by the Institutional Animal Care 
and Use Committee of Peking University.  

ECT protocols  
For in vitro ECT assays, cultured cells were 

harvested by trypsin treatment and resuspended to a 
density of about 4×105 cells/mL in cell culture 
medium. For each F-MEC, 8×104 cells (200 μL) were 
added and incubated for at least 4 h for cells to adhere 
on the chip surface, then 1 mL DMEM was added per 
F-MEC and incubated overnight. Before performing 
ECT, all media was removed. Cells were washed with 
electroporation buffer three times and 10 μL 
bleomycin-electroporation buffer solution (150 
μg/mL) was dropped on F-MEC. Electric stimulation 
was applied by ECM-830 stimulator (BTX, USA). 
After electroporation, 1 mL of cell culture medium 
was added onto each F-MEC immediately for in situ 
cell culture. 

For in vivo ECT assays, the tumors were grown to 
~300 mm3 before experiments. In the ECT experiment, 
all mice were anesthetized by intraperitoneal (i.p.) 
injection with pentobarbital sodium (50 mg/kg). 20 
μL (1 mg/mL) hyaluronidase was injected into 4 
positions within the tumor tissue by changing the 
needle head direction. After 15 min, 100 μL 
bleomycin-electroporation buffer solution (150 
μg/mL) was injected into the tumor in the same area 
using the same method. Then the tumor was covered 
by 2 parallel electroporation plates and 10 electric 
pulses, provided by ECM-830 stimulator (BTX, USA), 

were applied for electrical stimulation. 

Determination of ECT efficiency and tumor 
suppression  

To determine in vitro ECT efficiency, 48 h after 
ECT, cells were stained with Hoechst (bisBenzimide 
H 33342 trihydrochloride, Sigma-Aldrich), and 
F-MEC was fluorescently imaged. Cells were 
enumerated by analyzing fluorescence images using a 
NIH recommended software ImageJ. To determine 
tumor suppression, ECT was performed on each 
mouse every three days. The tumor sizes were 
monitored for 17 days. The relative tumor volume 
was calculated by normalizing the mean tumor 
volume of post-treatment mice to the corresponding 
mean tumor volume before treatments. 

Results 
The four-leaf micro-electrode chip (F-MEC) 

Figure 1A shows the four-leaf micro-electrode 
chip (F-MEC), which consists of a glass substrate and 
four leaf-shaped electrodes. As shown in the enlarged 
Figure 1B, we positioned several signs with diverse 
patterns in each electrode to assist visually 
determining the electric field strength. As shown in 
Figure 1C, the interior edges of the electrodes were 
designed in conformity with the hyperbolic equation 
(1). 

y = ±1.9/x              (1)  

 
 

 
Figure 1. The four-leaf micro-electrode chip (F-MEC) (A) Photo of four-leaf micro-electrode chip (F-MEC). (B) The position markers fabricated in the 
electrodes. (C) The four-leaf electrodes are designed in conformity with a hyperbolic equation (D) the fabrication process of F-MEC. The electric field strength 
distributions of four-electrode (E) and three-electrode (F) modes were simulated by FEA software Comsol Ver.3.5a. 
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Figure 1D shows the simple fabrication process 
of F-MEC. A 4 inch Pyrex® 7740 glass wafer (500 µm 
thick) was used as substrate because of its high 
transparency, which benefits the in situ observation of 
cells. A gold layer (300 nm thick) was sputtered on the 
glass wafer and patterned by wet etching to form the 
electrodes. To enhance adhesion, there was a chrome 
layer (30 nm thick) between gold and glass. Finally, 
the wafer was diced to 15 mm x 15 mm quadrates. 
Both glass and gold exhibited good bio-compatibility, 
benefiting cell culture on the chip surface.  

The chip has two electrical stimulation modes. 
The first one is four-electrode mode, as shown in 
Figure 1E, where the opposing two electrodes are 
connected to the same polarity. The electric field 
intensity at the central point is zero because of the 
geometrical symmetry. In the central area and the four 
apertures between the electrodes, the electric field 
strength is annularly distributed. For instance, along 
the axis aa’, if 150 V was applied, the electric field 
strength decreased from 3.2×105 V/m to 0 V/m, then 
bounced back to 3.2×105 V/m. The gradient of this 
variation was 4.27 × 107 V/m2. The second is 
three-electrode mode (Figure 1F), in which one of the 
four electrodes is disconnected. Thus, only two 
apertures are applied with linearly varied electric 
field, while the other two exhibit no electric field, 
serving as an on-chip control area. In both stimulation 
modes, the electric field was designed to vary linearly, 
thus providing convenience in rapid investigation 
and visual determination of electric field strength.  

In vitro parametric optimization of ECT 
ECT is based on cell electroporation. Firstly, 

using HEK-293A cells and pEGFP-C3 DNA plasmids, 
we demonstrated the capability of F-MEC to rapidly 
determine the optimal cell electroporation parameters 
(Supplementary Figure S1). Briefly, we cultured cells 
on the surface of F-MEC, and then applied a voltage 
on F-MEC to generate a linearly varied electric field in 
which all cells were exposed. By in situ observing all 
electroporated cells, we found some cells were dead 
because of the excessive electric field strength, some 
cells remained alive but not GFP-expressed because 
the electric field was insufficient, and the rest of the 
cells showed both high viability and efficient GFP 
expression. Since the positions of all cells directly 
indicated the electric field strength applied on them, 
by determine the position of well-electroporated cells, 
we could easily obtain the corresponding optimal 
electric field strength. 

We then investigated the electroporation- 
assisted chemotherapeutic drug uptake, which is the 
key process of ECT. We used MCF-7 cells, a breast 
cancer cell line, and bleomycin, a predominant ECT 

drug, to evaluate the effect of electroporation-assisted 
bleomycin uptake. Four-electrode mode was used on 
F-MEC. First, we applied only electric field on MCF-7 
cells, without adding bleomycin, to evaluate 
electroporation-induced cell death, excluding its 
interference in further assays. As shown in Figure 2A, 
almost all cells remained on the chip surface (stained 
by Hoechst), even in the periphery area of the chip, 
where the electric field strength was up to 7×104 

V/m. The results demonstrated that irreversible cell 
membrane damage, which would induce immediate 
cell detachment, was negligible while the electric field 
strength was lower than 7 × 104 V/m. We then 
explored the joint effect of bleomycin and electric field 
on MCF-7 cells to evaluate the 
electroporation-assisted bleomycin uptake. As shown 
in Figure 2B, a 100 V voltage was applied for cell 
viability observation. Cells remained in the central 
area, where the electric field was weak. From inner 
area to outer area, the electric field strength was 
linearly increased. When the electric field strength 
was higher than 3×104 V/m, cells began to detach; 
when the electric field strength was greater than 4×
104 V/m, most cells were detached. The results 
demonstrated that the boundary between cell 
existence and detachment was between 3×104 and 4
×104 V/m. To verify this range, we decreased the 
voltage from 100 V to 80 V (Figure 2C). As the electric 
field weakened, the cell existence area 
correspondingly expanded. Despite the variation in 
the cell death/survival pattern, the transition from 
cell existence to cell detachment still occurred 
between 3×104 to 4×104 V/m. Apart from monitoring 
cell existence by Hoechst staining, we also employed 
Calcein AM and Propidium Iodide (PI) to 
fluorescently indicate cell survival and death, 
respectively (Supplementary Figure S2). The results 
revealed that in the scenario of our chip-based study, 
almost all remaining cells were alive while most of the 
dead cells detached from the chip surface. Therefore, 
the Hoechst staining images revealed that the 
effective electric field for ECT was between 3×104 and 
4×104 V/m. These results demonstrate that a proper 
electric field facilitates chemotherapeutic drug 
uptake, and we can rapidly determine the effective 
range of the electric field by in situ observing cell 
status. 

While performing ECT, to maximize 
chemotherapeutic drug uptake and corresponding 
tumor inhibition, the electric field should be stronger 
than a threshold. We investigated this threshold using 
F-MEC under three-electrode mode. Differed from 
four-electrode mode, the three-electrode mode left 
one electrode disconnected (for example, the upper 
right one in Figure 3), generating approximate zero 
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electric field areas on chip. Cells located in these areas 
were considered as control group to differentiate the 
effect of bleomycin alone from the joint effect of 
bleomycin and electric field. We firstly applied 100 V 
on the chip. As shown in Figure 3A, the boundary 
districting cell life and death was located between 3×
104 and 4×104 V/m contours. Most cells survived in 
the zero electric field area, indicating bleomycin 
treatment without electric enhancement had limited 
inhibition to MCF-7 cells. When we increased the 
voltage from 100 V to 150 V (Figure 3B), the electric 
field distribution varied, and the cell survival area 

shrunk accordingly. However, the boundary between 
cell life and death was still located between 3×104 
and 4×104 V/m contours. These results demonstrated 
one merit of the F-MEC: we don’t need to specify an 
optimal experimental F-MEC voltage for each kind of 
cells. The electric field threshold that differentiates 
cell life and death could be easily determined by 
one-time in-situ observation of cell status. We also 
monitored the cell apoptosis process by Annexin 
staining (Annexin V-FITC Apoptosis Detection Kit, 
Sigma-Aldrich) (Supplementary Figure S3) to ensure 
that the dominant effect causing cell death was ECT.  

 
 
 

Figure 2. In situ 
monitoring the 
bleomycin responses of 
MCF-7 cells on F-MEC 
under four-electrode 
stimulation mode Bright 
field images (left) and 
fluorescence images (right) 
of Hoechst stained MCF-7 
cells 48 h after performing in 
vitro ECT with 
four-electrode stimulation 
mode. The conditions are: 
(A) 100 V voltage, no 
bleomycin; (B) 100 V and 
150 μg/mL bleomycin (C) 80 
V and 150 μg/mL bleomycin. 
For (A), (B) and (C), 8 
square electrical pulses (100 
μs pulse duration and 1 s 
interval) were applied. In 
each image, the electric field 
contours are marked by red 
rings and the Arabic 
numerals on the curves 
represent the contour 
values (unit: 104 V/m). 
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Figure 3. In situ monitoring the bleomycin responses of MCF-7 cells on F-MEC under three-electrode stimulation mode Bright field images (left) 
and fluorescence images (right) of Hoechst stained MCF-7 cells 48 h after performing in vitro ECT with three-electrode stimulation mode. The upper right electrode 
was disconnected from the electric stimulator. The conditions are: (A) 100 V and 150 μg/mL bleomycin; (B) 150 V and 150 μg/mL bleomycin. For both (A) and (B), 
8 square electrical pulses (100 μs pulse duration and 1 s interval) were applied. In each image, the electric field contours are marked by red curves and the Arabic 
numerals on the curves represent the contour values (unit: 104 V/m). 

 
In many cases, providing a numerical range of 

suitable electric field strength, such as from 3×104 to 4
×104 V/m, is enough for guiding ECT. However, 
further analyzing the bleomycin responses of cells to 
acquire more accurate optimal electric field strength is 
a better option for performing precise ECT. The 
electric field on F-MEC is linearly distributed. 
Therefore, by using markers located in electrodes 
(square grids in Figure 4A), it is easy to plot electric 
field equipotential lines between each two paired 
markers that possess the same symbols. The size of 
each square grid was 100 µm; therefore, while 
applying 30 V on F-MEC, the variation in gradient of 
electric field strength was 0.1104 V/m per 100 µm. 
As shown in Figure 4A, by analyzing the cell viability 
around each equipotential line, the relationship 
between cell viability and electric field strength was 
quantitatively calculated, as shown in Figure 4B. The 
cell viabilities were normalized to the control group in 
which the same cells were incubated on another 
F-MEC chip, with neither bleomycin treatment nor 
electric stimulation. The results revealed that 2.7104 
V/m electric field killed ~50% of MCF-7 tumor cells 

while <10% cells remained viable under 3.5104 
V/m. Moreover, in the same assay, the cell viability 
for all different electric field strengths between 2.3 
and 3.7104 V/m could be calculated. For instance, 
the cell viability under 2.5104 V/m was ~70%. These 
accurate cell viability data benefit precisely balancing 
the tumor suppressing and adverse effects while 
performing ECT.  

To evaluate if F-MEC can be applied on other cell 
types, A-375, a human malignant melanoma cell line, 
was used to verify the performance of F-MEC. 
Malignant melanoma typically occurs in the skin and 
is considered as the most dangerous type of skin 
cancer. We used three-electrode mode and the same 
experimental protocol as we used in the MCF-7 assay. 
As shown in Figure 5, no matter if the applied voltage 
was 150 V or 200 V, it was clear that the cell 
death/survival boundary was located around 4.5104 
V/m. The results demonstrated that different types of 
tumor cells require different electric field strength to 
maximize the ECT effect, as well as minimize the 
adverse effects. 
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Figure 4. Quantitative analysis of the relationship between cell viabilities and electric field strengths Bright field image (A left) and fluorescence image 
(A right) of Hoechst stained MCF-7 cells 48 h after performing in vitro ECT with three-electrode stimulation mode. The conditions are: 30 V, 150 μg/mL bleomycin, 
8 square electrical pulses (100 μs pulse duration and 1 s interval). The location markers fabricated in the electrodes were used to rapidly plot the electric field 
contours, which are labelled as red curves in (A). The Arabic numerals on the curves represent the contour values (unit: 104 V/m). (B) The relationship between 
cell viability and ECT conditions. All data are the average of three independent assays and normalized to a control group that experienced neither bleomycin nor 
electroporation. Each data is shown as the mean ± S.D. 

 
The above assays were performed on cell 

monolayers. Considering tumors have complex 
structures and microenvironments, we tested cell 
clusters on F-MEC with the assistance of Matrigel 
matrix (Supplementary Figure S6). Despite this 
proof-of-concept assay where we simply introduced 
biomimetic cues from the tumor microenvironment, 
more complex multicellular analogs of tumors should 
be tested before constructing tumor models on 
F-MEC.  

Overall, while using F-MEC to determine the 
optimal ECT electrical parameters for a specific tumor 
cell type, a relatively higher voltage, such as 150 V 
could be applied on F-MEC to generate a wider range 
of electric field strength. Thus, the suitable electric 
field could be rapidly determined. If a more accurate 
number for optimal electric field strength was 
required, a few more assays should be performed 
with a relatively lower voltage, such as 30 V, to 

calculate the precise relationship between cell 
viability and electric field strength. How we calculate 
the data errors decides the number of F-MEC assays 
that ought to be used, usually less than 3. 

In vivo verification of optimized ECT 
parameters 

After acquiring optimal ECT electrical 
parameters by F-MEC, we designed a tumor 
suppression assay in mice to verify if in vitro acquired 
parameters are applicable in vivo. In ECT, 
subcutaneous tumor is relatively difficult because the 
skin prevents direct contact between electrodes and 
target tissue. A subcutaneous MCF-7 xenografted 
murine tumor model was established to test the 
optimal parameters from in vitro MCF-7 assays on 
F-MEC. When the tumor grew to about 300 mm3, the 
mice were randomly divided into 8 groups (6 mice in 
each group): group 1, without any treatment; group 2, 
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without bleomycin injection, and stimulated by 250 V; 
group 3, with bleomycin injection, but without 
electrical stimulation; group 4, 5, 6, 7 and 8, with 
bleomycin and electrical stimulation under 50, 100, 
150, and 250 V, respectively. Electrical stimulations 
were applied on tumors by an electroporation clamp.  

Considering the existence of high-resistance 
skin, the relationship between voltages applied on 
skin and actual electric field strengths applied on 
tumor tissue were calculated by FEA (finite element 
analysis). The detailed calculation process is described 
in Supplementary Figure S5. Every day for 3 days, 
ECT was repeated on each mouse. The tumor sizes 
were monitored for 17 days. As shown in Figure 6A, 
tumor volume in the control group grew 3.46-fold, 
while tumor volumes in the groups solely 
administered either electrical stimulation (group 2) or 
bleomycin (group 3) grew >3-fold, exhibiting no 
tumor suppression. For groups 4, 5, and 6, the applied 
voltages were too weak to mediate efficient ECT. For 
group 7, in which 200 V was applied and the 
corresponding effective electric field strength was 
~3104 V/m, the tumor volume increased only 

1.27-fold. For group 8, further increasing the voltage 
to 250 V (effective electric field strength 3.75 104 
V/m) brought slight improvement in tumor 
suppression. Apart from MCF-7 cells, we also tested 
the optimized electric field for ECT for A375 cells in 
mice. As shown in Figure 6B, the in vitro optimized 
electric field strength (4.5 104 V/m) was proved 
valid in vivo. The results demonstrated that the 
optimal electric field value acquired from in vitro 
assay fitted the in vivo ECT tests. Moreover, for 
subcutaneous xenografted murine tumor models, 
optimal voltages (200 V for MCF-7 cells and 300 V for 
A375 cells) were significantly lower than SOP 
recommended numbers (960 V). While applying 
voltages of 250 V and 300 V, slight electrical burn 
marks were observed on mice skins, which recovered 
in 48 h. While applying 400 V voltage, severe electrical 
burns occurred that did not recover during the whole 
experimental period (Supplementary Figure S6). This 
reveals that performing in vitro determination is 
helpful for achieving optimal balance between ECT 
therapeutic effects and adverse effects.  

 

 
Figure 5. In situ monitoring the bleomycin responses of A-375 cells on F-MEC under three-electrode stimulation mode Bright field images (left) and 
fluorescence images (right) of Hoechst stained A-375 cells 48 h after performing in vitro ECT with three-electrode stimulation mode. The upper right electrode was 
disconnected from the electric stimulator. The conditions are: (A) 150 V and 150 μg/mL bleomycin; (B) 200 V and 150 μg/mL bleomycin. For both (A) and (B), 8 
square electrical pulses (100 μs pulse duration and 1 s interval) were applied. In each image, the electric field contours are marked by red curves and the Arabic 
numerals on the curves represent the contour values (unit: 104 V/m). 
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Figure 6. The relationship between tumor suppression effects and ECT parameters. (A) For MCF-7 tumors, the mice were randomly divided into 8 
groups (6 mice in each group): group 1, without any treatment; group 2, without bleomycin injection and electrically stimulated by 250 V; group 3, with bleomycin 
injection but without electrical stimulation; group 4, 5, 6, 7 and 8, with bleomycin and electrical stimulation of 50, 100, 150, 200 and 250 V, respectively. (B) For A-375 
tumors, the mice were randomly divided into 6 groups (6 mice in each group): group 1, without any treatment; group 2, without bleomycin injection and electrically 
stimulated by 300 V; group 3, with bleomycin injection but without electrical stimulation; group 4, 5 and 6, with bleomycin and electrical stimulation of 200, 300 and 
400 V, respectively. For both (A) and (B), other ECT parameters are: 10 square electrical pulses, 1 s interval, 10 ms pulse duration. The relative tumor volume was 
calculated by normalizing the mean tumor volume of post-treatment mice to the corresponding mean tumor volume before treatments. Each bar represents the 
mean ± SD.  

 

Discussion and Conclusion 
ECT is one of the very few available treatments 

for cutaneous and subcutaneous tumors when 
surgery and radiotherapy are no longer available. 
Many adverse effects, including pain, bleeding, 
electrically burnt skin and uncontrollable muscle 
contraction were reported in previous clinical 
practices due to excessive voltages, which are 
recommended in existing SOP to ensure killing of 
tumor cells. The main reason for simply fixing a high 
voltage for all tumor types in the SOP was that it is 
impossible or clinically unacceptable to exhaust all 
possible voltages for diverse patients, either in vivo or 
in vitro. 

This study provides a feasible solution by 
developing a F-MEC chip in which the electric field 

was specially designed by linear distribution to cover 
all possible electric field strengths for ECT. Therefore, 
by in situ monitoring the cell responses to ECT drugs, 
such as bleomycin, the optimal electric field strength 
for any given cell type could be rapidly calculated in a 
few, or even only one, simple assay. This chip-based 
parametric optimization method has the following 
prominent features: i) Instead of previous “trial and 
error” approaches, which are time-costly and only 
cover limited electric fields, the F-MEC provides a 
possibility to test all possible electric field strengths in 
only one assay, making cost, labor and time 
consumption of individual ECT become clinically 
acceptable. ii) Different electrical conditions are 
simultaneously tested in the same chip in which all 
cells and drugs are in the same status, minimizing 
experimental errors and therefore ensuring the 
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consistency and reliability of the test. More 
importantly, the in vivo tumor suppression assays in 
our study proved that the optimal parameters 
acquired from in vitro F-MEC assay could be used for 
in vivo ECT. In this proof-of-concept study, the same 
cell type was used in both in vitro determination and 
in vivo testing. Normally, surgery and/or 
radiotherapy are performed before ECT; therefore, it 
would be easy to isolate tumor cells from excised 
tumor tissue or biopsy samples. The isolated tumor 
cells from patients could be cultured on the F-MEC for 
in vitro determination, ensuring that the data acquired 
from in vitro determination are applicable for clinical 
ECT.  
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