
Citation: Yin, H.; Zhang, Z.; Liu, Y.;

Wang, Y.; Guo, H.; Zhang, Y. A SiC

Photo-Conductive Switch-Based Pulse

Generator with Nanoseconds and

High Voltage for Liver Cancer Cells

Ablation Therapy. Electronics 2024, 13,

4816. https://doi.org/10.3390/

electronics13234816

Academic Editor: Pedro J. Villegas

Received: 13 October 2024

Revised: 18 November 2024

Accepted: 29 November 2024

Published: 6 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

A SiC Photo-Conductive Switch-Based Pulse Generator with
Nanoseconds and High Voltage for Liver Cancer Cells
Ablation Therapy
Haocheng Yin , Zeyu Zhang, Yapeng Liu, Yutian Wang *, Hui Guo and Yuming Zhang

Key Laboratory of Wide Band-Gap Semiconductor Materials and Devices, School of Microelectronics,
Xidian University, Xi’an 710071, China; hcyin@xidian.edu.cn (H.Y.); 22111213866@stu.xidian.edu.cn (Z.Z.)
* Correspondence: ytwang@xidian.edu.cn

Abstract: Electroporation ablation, as an innovative cancer treatment, not only preserves the structure
and function of affected organs but also significantly reduces surgical risks, offers patients a safer
and more effective therapeutic option, and demonstrates immense potential in the field of oncology.
This paper presents the innovative design of a high-voltage nanosecond pulse generator triggered
by a silicon carbide (SiC) photoconductive switch. The generator is capable of stably outputting
adjustable voltages ranging from 10 kV to 15 kV, with pulse widths precisely controlled between
10 and 15 nanoseconds, and an operating frequency adjustable from 1 Hz to 10 Hz. This device
enables instant activation and deactivation of the pulse generator during ablation, enhancing the
efficiency of strong electric field applications and preventing overtreatment due to delayed shutdown.
This paper introduces the structure and basic principles of this novel SiC photoconductive switch-
triggered pulse device and reports on the impact of device-related pulse parameters on the ablation
effect of hepatocellular carcinoma cells through cell experiments. Under optimal ablation parameters,
the CCK8 results show that the number of viable cells is only 0.7% of that in the untreated control
group after 12 h of subculture following ablation. These findings hold significant importance for
expanding the application areas of SiC devices.

Keywords: pulse power generator (PPG); high voltage; nanoseconds; electroporation; tumor cell
ablation

1. Introduction

Cancer, medically defined as a malignant tumor, originates from abnormal changes in
cellular genetic material. These changes drive cells to divide and proliferate uncontrollably
and irregularly, ultimately forming masses that invade adjacent tissues and may even
spread to other parts of the body through the bloodstream or lymphatic system. Cur-
rently, the primary treatments for cancer include surgical therapy [1], radiotherapy [2],
chemotherapy [3], immunotherapy [4], and targeted therapy [5], among others [6]. While
these traditional therapies have shown high effectiveness in eliminating cancer cells, they
also cause significant functional damage to the human body. Surgical therapy, often re-
garded as a direct and effective means, is costly and carries certain risks such as infection
and bleeding, without guaranteeing a completely trauma-free procedure. Furthermore,
patients face risks of complications such as infection, bleeding, and pulmonary embolism
after surgery, all of which increase patients’ suffering and treatment burden. Moreover,
surgery may sometimes fail to remove the tumor completely due to its location or size,
leaving the possibility for recurrence or regrowth [7–9]. Chemotherapy, as another common
treatment, also has side effects that cannot be ignored. While chemotherapy drugs kill
cancer cells, they also damage normal cells, triggering a series of side effects such as nausea,
vomiting, hair loss, and decreased white blood cell count, all of which severely affect the
quality of patients’ lives. In more severe cases, excessive chemotherapy may even shorten

Electronics 2024, 13, 4816. https://doi.org/10.3390/electronics13234816 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13234816
https://doi.org/10.3390/electronics13234816
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0008-8703-9325
https://doi.org/10.3390/electronics13234816
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13234816?type=check_update&version=2


Electronics 2024, 13, 4816 2 of 15

the patient’s lifespan [10,11]. Additionally, since certain types of tumors are not sensitive to
chemotherapy drugs, forcibly administering chemotherapy may yield minimal results [12].
Radiotherapy differs from surgery and chemotherapy. Although modern radiotherapy
techniques have achieved considerable precision, it is still difficult to completely avoid
radiation damage to surrounding healthy tissues and lead to a series of side effects such
as skin inflammation, nausea, vomiting, and fatigue. Furthermore, radiotherapy has a
relatively long treatment cycle, slow onset of efficacy, and a high recurrence rate [13,14].

With advancements in technology, ablation therapy has gradually attracted the at-
tention of researchers. Ablation methods, primarily including radiofrequency ablation
(RFA), cryoablation, microwave ablation, laser ablation, and ultrasound ablation, signif-
icantly reduce patients’ suffering during cancer treatment by directly destroying local
cancer cells or tissues, demonstrating considerable application potential [15]. However,
these traditional ablation methods still face numerous challenges in clinical applications.
RFA, though effective, involves a relatively lengthy ablation process, and the expansion
effect during tumor necrosis may lead to residual cancer cells. Meanwhile, in some cases,
increased vascular endothelial growth factor (VEGF) can inhibit drug efficacy, thereby
increasing the risk of tumor recurrence [16,17]. Cryoablation is limited by its high cost and
time-consuming procedure, and multi-needle ablation may lead to a significant reduction
in platelets, increasing the risk of bleeding [18,19]. Microwave ablation currently faces
issues with imperfect equipment, resulting in unstable treatment effects [20]. Laser ablation
may cause local temperatures to rise excessively during treatment, damaging surrounding
healthy tissues and nerves, leading to complications. Furthermore, the effectiveness of
laser ablation is closely related to needle placement, making it difficult to operate [21,22].
As for ultrasound ablation, accurate lesion localization can sometimes be challenged due
to factors such as echo, bone obstruction, and lung air, resulting in a longer treatment
duration. Additionally, there is a possibility of missing the target when treating irregular
tumor tissues [23].

With the continuous progress of science and technology, researchers have gained
a deeper understanding of the electromagnetic effects on biological cells, leading to the
development of an innovative ablation technique—pulsed electric field ablation (PEFA).
This technique widely utilizes high-voltage electric pulses to act on the phospholipid
bilayer of cell membranes, generating transmembrane potentials and forming unstable
potential differences, thereby inducing irreversible permeabilizing damage to the cell
membrane and ultimately leading to cell apoptosis [24]. Specifically, this ablation method
relies mainly on high-voltage direct current pulses with pulse widths precisely controlled
between 5 and 100 microseconds. PEFA technology has been successfully applied in
clinical practice for the ablation of liver and pancreatic tumors, and it has also shown
great potential in the treatment of arrhythmias such as atrial fibrillation [25,26]. Compared
with traditional thermal and cold ablation techniques, PEFA exhibits higher targeting
precision, more precise action on target tissues, significantly reduced complications, and a
substantially shortened ablation time [27]. With continuous technological iterations and
upgrades, PEFA has evolved from millisecond pulses to microsecond pulses and further to
nanosecond pulses, bringing about broader application prospects and more possibilities
to this technology [28,29]. Looking ahead, PEFA is expected to play a significant role in
various medical fields such as tumor ablation and arrhythmia treatment, providing patients
with more and better treatment options.

Compared with cold and thermal ablation, PEFA has several notable advantages.
Firstly, in terms of safety, as a non-thermal ablation method, electric pulse ablation al-
most eliminates the risk of thermal-related injuries. It demonstrates high selectivity for
surrounding tissues such as the phrenic nerve and esophagus, avoiding damage to these
normal tissues and significantly reducing the risk of damaging normal tissues during
surgery [16,30,31]. Secondly, PEFA also excels in ablation efficiency. By using a circular
multi-electrode ablation catheter, this technology simplifies the surgical process, enabling
the entire procedure to be completed through a single catheter [32]. Its multi-point dis-
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charge feature allows each discharge to occur in just 2–4 s, significantly shortening the
ablation time and improving surgical efficiency compared to methods like RFA and cryoab-
lation. Finally, in terms of applicability, PEFA shows broad potential. Since its mechanism
of action does not depend on specific tumor types, it may be applicable to various types of
tumors, providing a wider range of options for tumor treatment [33]. In summary, PEFA
has clear advantages over cold and thermal ablation in terms of safety, efficiency, and
applicability; it is expected to become one of the crucial means for future tumor treatment.

Currently, PEFA devices commonly use traditional semiconductor power devices
as pulse switches to emit treatment pulses. However, these devices typically operate at
kilovolt-level pulse source voltages during treatment, and semiconductor power devices
struggle to achieve nanosecond-level rapid shut-off at such high voltages [34]. This lim-
itation can easily lead to ablation beyond the expected range or overtreatment during
high-precision surgeries, particularly in areas where thermal ablation is contraindicated,
such as the brain, liver, and blood vessels, where overtreatment may cause unnecessary
organ damage to patients [35]. Additionally, the rising edge slope (dv/dt) of the treat-
ment pulses output by traditional semiconductor power devices such as pulse switches
is relatively gentle, approximately between 100 V/ns and 300 V/ns, which is insufficient
to generate instantaneous strong electric fields within cells to achieve cell perforation.
Although increasing the rising edge slope by paralleling multiple semiconductor power
devices is possible, it also increases the width of the treatment pulses, leading to additional
thermal accumulation during treatment and increasing the risk of thermal damage to
healthy tissues. To overcome this challenge, this paper reports on a novel high-power pulse
ablation device with a maximum voltage of 15 kV, a frequency of 10 Hz, and a pulse width
of only 5 ns. This pulse source uses a SiC photoconductive switch for control and has
been tested for pulse ablation on A549 cells to study the ablation effect of the high-voltage
pulse source on liver cancer cells. This innovation provides strong support for the further
development of PEFA technology.

2. Equipment Set Up and Material
2.1. Pulse Equipment Set Up

Unlike the square wave pulses used in traditional electro-pulse ablation, the pulse
waveform employed in our study, as shown in Figure 1c, is presented in the form of a steep
pulse. Traditional square wave pulses switch rapidly between high and low voltage levels,
with a stable waveform characterized by clear rising and falling edges, as well as constant
pulse width and frequency. The stable waveform of square wave pulses ensures uniform
electric field distribution and a consistent duration of action, thus offering advantages
such as good stability, high controllability, and consistent ablation effects. In contrast to
square waves, steep pulses have a sharp waveform, reaching a high peak voltage in a short
time and quickly falling back. They are characterized by concentrated energy and a short
duration of action, resulting in a more significant electroporation effect on cell membranes
compared to square waves. At the same time, steep pulse ablation offers advantages such
as high efficiency, precision, and safety. Its rapid rising and falling edges ensure the quick
action and disappearance of the electric field, reducing damage to normal tissues. However,
there is relatively little research on ablation using steep pulses currently, which also makes
our research meaningful.

To generate nanosecond high-voltage pulses, a photoconductive pulse-triggering
circuit based on SiC material is used in this experiment. 4H-SiC-doped V as the material
for PCSS in cancer therapy has several advantages. Firstly, SiC does not contain any
harmful components like GaAs. Secondly, no avalanche effect has been found in SiC so
far. Therefore, its photoelectric linear characteristics are easily triggered by laser control.
Finally, due to the ability of a single SiC photoconductive switch to operate at 15 KV for a
long time, the trigger circuit is simple. The circuit consists of a pulsed high-voltage power
supply (Wiswan DE70P6), a high-voltage capacitor, a SiC photoconductive switch, and a
load module, as shown in Figure 1.
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Figure 1. (a) Schematic diagram of a pulse system based on photoconductive switches for cancer
treatment. (b) The photoconductive switch used in this experiment. (c) The load waveform collected
on the cell under 12 KV input voltage.

The entire pulse system consists of two circuits. Firstly, the charging circuit is com-
posed of a high-voltage power supply, a charging resistor, and a charging capacitor. The
charging circuit is composed of the same capacitor PCSS and a cell plate as the discharge
circuit, where the cell plate can be equivalently regarded as a load resistor. Before applying
the pulse voltage, we tested the resistance value of the cells with a multimeter, which was
approximately at the level of 100K ohms.

The VCSI 4H-SiC substrates used for fabricated PCSS in this experiment were pro-
vided by SICC Company Ltd.1. (Jinan, China), with a thickness of 500 µm and a size of
10 × 10 mm. We first cleaned the SiC material using the microelectronics standard cleaning
process and then deposited a layer of nickel metal according to the electrode shape in
Figure 1, with a thickness of 300 nm. Then, it is annealed at temperature 1100 ◦C for 60 s
under nitrogen conditions. Finally, we covered the nickel metal with titanium and gold,
with thicknesses of 120 nm and 200 nm, respectively.

When there is no strong laser triggering PCSS, the resistance of PCSS is around
1010 ohms, so the discharge circuit is not connected. During operation, the charging circuit
charges the capacitor through a high-voltage source and charging resistor and then uses
a 532 nm laser to touch the PCSS. Due to the generation of the 1017 cm−3 concentration
of photo-generated carriers in PCSS under the action of laser pulses, the switching resis-
tance decreases from 1010 ohms to 30 ohms within 1–3 ns, and the capacitor discharges
instantaneously to generate high-voltage pulses. High-voltage pulses are applied to the
tip of the electrode needle by linking it to the cell plate wall, generating an electric field
strength of 12 kV/cm. The electrodes space 4 mm, ensuring that the switching material
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can withstand high voltages of up to 20 KV to deliver a stronger nanosecond pulse. A
Q-switched Nd: YAG laser form is used as the optical trigger source, whose full width at
half maximum is 10 ns at a wavelength of 532 nm. The load side is a cell plate filled with
cells for this experiment.

During operation, the high voltage originally charged the high-voltage capacitor.
After the capacitor was full, the pulsed laser triggered the photoconductive switch to
instantaneously discharge the capacitor. For a standard 50 ohm capacitor, a quasi-Gaussian
pulse with a pulse width of about 15 nanoseconds was generated from 1 kV to 12 kV.
Meanwhile, for the subsequent study of the equivalent resistance model of the cell, we
connected a 2G bandwidth oscilloscope (Siglent SDS6204 H10 Pro, Shenzhen, China)
through a high-voltage probe (P6039A of Pintech, Guangzhou, China) and connected it
to both ends of the cell plate to record the pulse waveforms of the cell plate under the
high-voltage electricity.

2.2. Human Pulmonary Carcinoma Cell Preparation

The procedure for preparing hepatocellular carcinoma cells for the experiments follows
the standard protocols [28] and has been adaptively adjusted according to the laboratory
conditions and actual needs, as detailed below. For cell cryopreservation, a combination
of Dulbecco’s Modified Eagle Medium (DMSO, sourced from ThermoFisher Scientific,
Waltham, MA, USA) and a serum-free cell cryopreservation solution (FBS, obtained from
Merck KGaA, Darmstadt, Germany) is utilized. To formulate the cell culture medium,
Dulbecco’s Modified Eagle Medium (DMEM, also from ThermoFisher Scientific, USA),
FBS, and a penicillin/streptomycin solution (1000 U/mL, ThermoFisher Scientific, USA)
are employed. The human pulmonary carcinoma cells (A549 cells) are maintained in
the State Key Laboratory of Oncology at the Air Force Medical University. Preparation
of the cell culture medium entails mixing DMEM, adjusting its pH to a range of 7.2 to
7.4, with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution. The
cells are cultured in a Midi 40 carbon dioxide incubator (Thermo, USA), maintained at
37 ◦C, with a 5% CO2 concentration and 80–90% humidity. Every two days, the medium
is replaced to promote optimal cell growth. Subculturing is performed when cell density
reaches 80%-90%, involving cell detachment with a 0.25% trypsin solution, followed by
the addition of an appropriate volume of fresh culture medium to achieve uniform cell
dispersion for subculturing. Upon reaching 80–90% cell density again, viable cells are
chosen for cryopreservation. All cell preparations follow the standard procedure for cell
suspension preparation [36]. These cells are mixed with a solution comprising 10% DMSO
and 90% FBS, transferred to cryopreservation tubes, securely sealed, and stored in liquid
nitrogen for future applications. Prior to use, the cells are thawed in a 37 ◦C water bath.

2.3. Cell Experiment Set Up

In the cell experiments, a specific volume (400 microliters) of cell suspension containing
approximately 2.5 × 105 cells, which was selected based on the standard references [37,38],
was dispensed into each well of a 48-well plate. Sterile needle electrodes, which are coated
with an insulating material except at the tip, are then obtained. These electrodes are
inserted into the wells of the cell culture plate with a predetermined spacing, as dictated
by the experimental protocol. In the cell experiment, we initially used the electrode cups
recommended in the relevant literature. However, we observed that the pulse output
waveform was altered when using these electrode cups. This phenomenon could be
attributed to the fact that the electrode cups themselves act as capacitors. Due to the
charging and discharging characteristics of capacitors, the rising and falling edges of
the pulse become more gradual, leading to the distortion of the pulse waveform. After
consulting the literature [39], we decided to adopt a method of directly inserting the
electrode needles into the culture dishes. Prior to the experiment, the workbench and its
surroundings were thoroughly disinfected to preclude any contamination that might skew
the experimental outcomes. Following pulse ablation, the cells’ physical attributes were
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examined using a transmission microscope (MSD530, Murzider, Dongguan, China). For all
cell experiments, electrode cups with a 1 mm gap were utilized, sourced from ThermoFisher
Scientific (USA). The CCK8 dye employed for the cell proliferation assessment was procured
from Selleck (Houston, TX, USA). In the CCK8 assay, the cells are permitted to proliferate
for a duration of 12 h before being analyzed using a Varioskan LUX microplate reader,
Shanghai, China. After this period, a precise volume (400 µL) of CCK-8 reagent is added
to each well, with meticulous care taken to prevent bubble formation. The culture plate is
then gently agitated to ensure homogeneous mixing of the solution. The absorbance value
of each well is subsequently measured at a wavelength of 450 nm using a microplate reader.
Statistical analysis is conducted on the recorded absorbance values to discern differences
among various treatment groups and to compute cell viability or survival rates. In the
experimental process, the final experimental results are obtained by calculating the average
value. Specifically, 30 groups of cells are selected for each parameter ablation experiment,
with each group originating from the same batch of cultured liver cancer cells. After the
experiment, when calculating the cell survival rate, the three groups with the highest values
and the three groups with the lowest values were excluded. The average survival rate of
the remaining 24 groups of cells was then calculated, which is considered to be the final cell
survival rate after ablation for that parameter. The same calculation method was applied to
the control group.

3. Results and Analysis
3.1. Voltage Effect

Studies have shown that enhancing the electric field intensity can significantly improve
the ablation effect on cancer cells; when a specific threshold is reached, it can ensure the
complete ablation of cells within the targeted ablation area. However, this does not imply
that the electric field intensity can be increased indefinitely. When the electric field intensity
reaches a saturation level, further increases not only fail to enhance the ablation effect but
may also trigger a series of adverse effects, such as expanding the scope of tissue damage
and inducing cardiac arrhythmias. Therefore, during the administration of electroporation
ablation therapy, precise control of the electric field intensity is essential to ensure both
effective ablation and the avoidance of unnecessary risks and side effects due to exceeding
the saturation value. Given this, it is necessary to further verify experiments whose voltage
settings can achieve the threshold voltage required for effective ablation when using our
self-developed pulse generator.

In the test of electric field intensity on ablation effect, we maintained constant condi-
tions of a frequency of 10 Hz, 300 pulses, and an electrode spacing of 1 cm. By adjusting
the voltage across the electrodes, we varied the electric field intensity from 10 kV/cm to
12 kV/cm for ablation testing. During the experiment, we used a temperature gun for
real-time monitoring and recorded an indoor temperature of 25.2 ◦C and an initial cell
sample temperature of 24.8 ◦C. The waveform of the applied voltage on the cell under
12 KV is referred to in Figure 1c.

After the ablation treatment, we first observed the morphological changes in the cells
using an optical microscope, and the related images are displayed in Figure 2. Subsequently,
0.1 mL of DMEM culture medium was added to each well, and the 48-well cell culture
plate was placed in a CO2 incubator. After 12 h of incubation, we conducted a CCK8 cell
viability assay, and the experimental results are shown in Figure 3b.

Throughout the experiment, we focused our observations using an optical microscope
on the central region between the electrodes. When a voltage of 10 kV was applied, no
significant cell shrinkage was observed. As the ablation electric field intensity gradually
increased from 10 kV/cm to 12 kV/cm, the number of shrunken cells around the electrodes
significantly increased, reaching 68%. This phenomenon is clearly demonstrated in the
red-boxed area in Figure 2b. Meanwhile, during the ablation process, the temperature
remained relatively stable; compared to 10 kV/cm, the temperature after ablation only
rose by 0.6 ◦C even at a field intensity of 12 kV/cm. The average temperature change per
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second for each group during the experiment is shown in Figure 3a. Confirming the fact
that minimal temperature increase has almost no impact on cell viability, the entire ablation
process is not dominated by thermal effects, and the final ablation effect should be mainly
attributed to the action of the pulsed electric field.
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Although optical microscope images show that cells did not exhibit extensive shrink-
age at a field intensity of 10 kV, this does not imply that the ablation effect is ineffective.
The fundamental reason for this is that pulsed electric fields can induce permanent pores in
the cell membrane, thereby enhancing its permeability and causing intracellular substances
to leak out through osmosis. This process ultimately leads to cellular energy depletion,
disrupts normal cellular physiological functions, and triggers cell death. It is noteworthy
that even after experiencing permanent electroporation, cells may still maintain a certain
degree of structural integrity, making it difficult to accurately determine cell death solely
through an optical microscope observation. To more precisely quantify the ablation effect
on cells more precisely, we employed the CCK8 cell viability assay. In the CCK8 test, we
maintained consistent experimental parameters and performed the test in electrode cups.
After the ablation procedure, we promptly disinfected the surface of the electrode cups in a
biosafety laboratory without affecting the samples and then transferred the cells to a 48-well
plate and added an appropriate amount of culture medium. After 12 h of incubation, we
introduced the CCK8 reagent and used the Varioskan LUX microplate reader to conduct
detailed analysis and detection of the CCK8 values. The survival rates of the cells in each
group were rigorously calculated based on Equation (1), as follows:

R =
ZCG − Zn

ZCG
(1)
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where ZCG represents the CCK8 value of the control group after 12 h; Zn represents the
CCK8 value of the test group after 12 h. The CCK8 experimental results are depicted in
Figure 3. As the voltage was increased from 10 kV to 12 kV, the survival rate of the cells
cultured in Petri dishes for 12 h significantly decreased from 42.5% to 24.6% compared to the
control group. Previously, after ablation at a field intensity of 12 kV, the proportion of cell
shrinkage observed through an optical microscope was approximately 68%. Assuming that
shrunken cells are dead cells, the proportion of cells maintaining normal morphology after
ablation should be around 30%. This proportion is highly consistent with the 34.6% survival
rate observed 12 h after ablation at 12 kV/cm. We speculate that the reason for this
phenomenon may be the reduction in the number of viable cells after ablation, which
indirectly affects the number of viable cells after 12 h of culture. Furthermore, the CCK8
results also reveal that during the ablation process, there is a positive correlation between
the electric field intensity and the number of liver cancer cell deaths. However, this
relationship is not linear between 10 kV/cm and 15 kV/cm. When the applied frequency
and the number of pulses are kept constant at 10 Hz and 300, respectively, a significant
enhancement in the ablation effect can be achieved even with a slight increase in electric
field intensity once it exceeds 10 kV/cm. This finding provides an important scientific basis
for optimizing the parameters of electric field ablation therapy.

Existing research indicates that cells predominantly die through cellular apoptosis un-
der nanosecond pulses [40,41]. When using our pulse generator, cells shrink and die within
just a few seconds of the ablation process, a phenomenon that can even be directly observed
under a microscope. This phenomenon is caused by strong electric field stimulation. When
we reduce the electric field intensity to below 10 kV/cm, the ablation effect diminishes,
and the cell shrinkage phenomenon almost disappears. However, the ablation effect is still
lower than that achieved with square wave pulses. This phenomenon may be related to
the differences between square wave pulses and steep pulses. When using high-voltage
steep pulses, the electric field reaches its peak rapidly and then quickly falls back. Higher
voltages result in stronger penetration effects, and steep pulse electric fields are more likely
to penetrate deep into cells and affect mitochondria, which aligns with existing reports
that the ablation effect is dependent on mitochondria [42]. When the electric field intensity
is lower, the duration for which the pulse electric field reaches the threshold on cancer
cells becomes the dominant factor. At this point, the ablation effect is primarily influenced
by the electroporation of the cell membrane. Therefore, when using our pulse device,
a higher electric field intensity is required to achieve the desired effect. However, high
electric field intensities pose a higher risk to device stability. Thanks to the advantages of
SiC photoconductive switches, our device excels in terms of both safety and precise control
compared to other high-voltage steep pulse devices. This is also a significant advantage of
our self-developed pulse power device.

To further explore the threshold of electric field intensity’s impact on ablation efficiency,
we gradually increased the electric field intensity to 15 kV/cm and 16 kV/cm. As other
experimental parameters remain unchanged, when the electric field intensity was increased
to 15 kV/cm, the cell survival rate decreased to 11.3% after 12 h of culture. However,
when the electric field intensity increased to 16 kV/cm, the cell survival rate decreased to
12.1%. Considering that inherent differences between samples in biological experiments
may introduce experimental errors, we can reasonably infer that when the electric field
intensity reaches 15 kV/cm, the ablation effect begins to saturate. In other words, the effect
of pulsed electric fields on cells reaches a plateau at 15 kV/cm, and thereafter, even if the
electric field intensity continues to increase, the ablation efficiency is no longer significantly
enhanced. This discovery holds significant practical significance, as continuously and
indefinitely increasing the electric field intensity typically brings unnecessary risks and side
effects, such as tissue damage. Therefore, our research results indicate that under specific
experimental conditions, there is an optimal range of electric field intensities that can
ensure ablation efficiency while minimizing potential risks and side effects. This finding
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provides an important scientific basis and reference for the clinical application of electric
field ablation technology.

3.2. Frequency Effect

Traditional high-frequency pulse generators face numerous challenges when pursuing
a high voltage output. A reduction in voltage often necessitates a narrowing of the treatment
area to compensate for insufficient electric field intensity. Furthermore, when voltage is
significantly increased, ensuring precise shut-off of the pulse generator power supply
becomes another technical bottleneck, which is crucial for guaranteeing treatment safety.
By addressing these challenges, we have independently developed a novel pulse generator
that not only stably provides voltages up to 15 kV, ensuring a wide treatment range, but
also integrates photoconductive switching technology to achieve fine control over the
pulse generator’s on–off operation, effectively avoiding the risk of overtreatment due to
shut-off delay. Additionally, pulse devices typically face limitations in their stable operating
frequency range when outputting high voltages. Even if attempts are made to increase the
frequency, maintaining pulse stability and consistency become difficult. Particularly in the
low-frequency region (commonly defined as less than 100 Hz), research on the ablation
effects of electrical pulses is insufficient, yet this is precisely the operating frequency band
of our novel pulse generator. Therefore, there is an urgent need to delve deeper into the
ablation mechanisms of low-frequency electrical pulses.

To systematically assess the impact of frequency on ablation effectiveness, we designed
a series of experiments where the number of pulses and electric field intensity were kept
constant at 300 pulses and 10 kV/cm, respectively, while the frequency was adjusted to
observe changes in ablation effectiveness. The experimental design rigorously followed
the framework of previous studies on voltage impact to ensure the comparability and
accuracy of the results. The trend of temperature changes during ablation is shown in
Figure 4a, providing important data for analyzing ablation efficiency. After ablation,
the CCK8 assay was used to evaluate cell survival after 12 h of culture, with the results
presented in Figure 4b. These data directly reflect the biological effects of pulse ablation at
different frequencies. In this study, we used the ratio of viable cells after 12 h of culture
post-ablation as a measure of pulse ablation efficiency, and through scientific analysis of
this key indicator, we aim to deeply reveal the underlying mechanisms of low-frequency
electrical pulse ablation, providing a solid theoretical foundation for optimizing treatment
protocols and expanding clinical applications.

The experimental results indicate that when the frequency is increased from 1 Hz
to 5 Hz, the cell survival rate after 12 h of ablation improves from 82.3% to 72.9%. As
the frequency continues to rise to 10 Hz, while other electrical pulse parameters remain
unchanged, the ablation effectiveness increases to 57.5%. Comparing these results with
previous studies on voltage impact, it is found that under the same parameters, the ablation
rate is 58.6%, which is essentially consistent with the 57.5% ablation rate at 10 Hz. When
the frequency is doubled from 5 Hz to 10 Hz, the ablation efficiency increases from 27.1%
to 57.5%, representing a nearly 50% improvement. In contrast, in previous experiments,
when the voltage increased from 10 kV/cm to 12 kV/cm, the ablation efficiency rose from
56.5% to 75.4%, an increase of approximately 30%. These findings suggest that when using
our self-developed pulse generator for cell ablation, as the applied frequency falls within
the low-frequency range, the ablation effect correspondingly improves with increasing
frequency. However, the ablation effect at 10 Hz is still lower than that achieved with an
electric field of 12.5 kV/cm. From this perspective, when the frequency and voltage are
increased by the same ratio, electric field intensity has a more promotive effect on cell
ablation than frequency.
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Figure 4. Temperature variation over time during the experiment and cell viability after 12 h. (a) Final
temperature after ablation at different frequencies; (b) CCK8 results of cells after 12 h of subculture
following ablation at different frequencies.

Previous studies have shown that pulse electric field intensity has a greater impact
on cell ablation than pulse frequency [28,37,38]. The magnitude of electric field intensity
directly determines the electric field’s ability to penetrate cell membranes and its driving
force on charges within tissues. During ablation, the level of voltage directly influences
the degree of cell damage and the ablation range caused by the electric field. Frequency,
on the other hand, primarily affects the changing rate of the electric field during ablation.
Although frequency also has an impact, its influence is relatively smaller within the low-
frequency range. The experimental data reveal that as the frequency gradually increased
from 1 Hz to 5 Hz, the cell survival rate after 12 h of ablation significantly decreased,
dropping from 82.3% to 72.9%. Further increasing the frequency to 10 Hz resulted in a
substantial decrease in the survival rate to 41.7%, while keeping other electrical pulse
parameters constant. By comparing these results with previous studies on voltage impact,
it is found that under the same parameter settings, the cell survival rate is 41.7%, which is
almost identical to the 42.5% survival rate at 10 Hz in previous studies. Notably, when the
frequency is doubled from 5 Hz to 10 Hz, the survival rate decreases by nearly 50% (from
72.9% to 41.7%), which is a much larger improvement than the approximate 30% decrease
in the survival rate (from 42.5% to 34.6%) observed in previous experiments when the
voltage was increased from 10 kV/cm to 12 kV/cm. These results strongly demonstrate that
using our self-developed low-frequency pulse generator for cell ablation shows a positive
correlation with increasing frequency within the low-frequency range. However, it should
be noted that even at 10 Hz, the ablation effect is slightly weaker than that achieved with an
electric field intensity of 12.5 kV/cm. This indicates that, when the frequency and voltage
are increased by the same ratio, electric field intensity (directly determined by voltage) has
a more significant promotive effect on cell ablation than frequency.

Electric field intensity, as a direct reflection of voltage, directly determines the electric
field’s ability to penetrate cell membranes and drive charges within tissues. During ablation,
a higher voltage means that the electric field can disrupt cell structures and expand the
ablation range more effectively. In contrast, frequency mainly affects the changing rate of
the electric field. Within the low-frequency range, although frequency has a certain impact
on ablation effectiveness, its role is relatively weaker. Meanwhile, the potential optimization
space of frequency should not be overlooked, especially when exploring possible nonlinear
effects or synergistic interactions at specific frequencies. In summary, by fine-tuning the
combination of voltage and frequency, it is possible to achieve more efficient and precise
cell ablation effects. On the other hand, during the experiment, the temperature showed an
increasing trend. At frequencies of 1 Hz, 5 Hz, and 10 Hz, the temperature rises by 0.1 ◦C,
0.4 ◦C, and 0.6 ◦C, respectively, throughout the ablation process, as shown in Figure 4b. As
the frequency increases, the rate of temperature rises also accelerates. However, this change
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is relatively gradual and small, with almost no thermal energy generated throughout the
process. This phenomenon also indicates that it is the electric field, rather than heat, that
plays a direct and primary role in the ablation of A549 cells during the process.

3.3. Pulse Number Effect

In electroporation ablation technology, the number of pulses plays a crucial role,
with its influence rooted in the complex interaction mechanism between electrical pulses
and cells. When cells are exposed to a pulsed electric field, subtle changes occur in the
phospholipid bilayer structure of the cell membrane, resulting in the formation of nanoscale
pores. This process is known as electroporation. When the electric field intensity is
maintained within a specific range, these pores can self-recover, manifesting as reversible
electroporation (RE). However, if the electric field intensity exceeds a certain threshold, the
pores in the cell membrane will undergo irreversible changes, leading to cell death. This
is referred to as irreversible electroporation (IRE). As the number of pulses increases, the
effect of IRE becomes more pronounced. This enhanced effect stems from the accumulation
of pulse numbers, meaning that more energy is delivered to the cell membrane, resulting
in an increased number of pores that are harder to recover from, thereby increasing the
probability of cell death. It is worth noting; however, that this enhancement is not unlimited
and there is a saturation limit. When the number of pulses increases to a certain value,
the enhancement trend of the IRE effect tends to plateau, with no significant further
improvement. This implies that, upon reaching the saturation point, whether increasing the
number of pulses, adjusting the voltage, or changing the frequency, the cumulative effect
will stabilize. Currently, there is relatively little research on electroporation ablation in
the low-frequency range, with most studies focusing on the field of square wave medium-
to high-frequency pulses. Therefore, combining our newly developed pulse generator to
study the impact of pulse number on cancer cell ablation effects is expected to provide
more comprehensive and in-depth scientific support for the optimization and practical
application of electroporation ablation technology.

To specifically investigate the influence of pulse number on the effect of electroporation
ablation, we designed a series of carefully controlled experiments where the frequency and
electric field intensity were consistently maintained at 10 Hz and 15 kV/cm, respectively.
These parameters were based on the optimal ablation conditions determined in previous
studies. To comprehensively assess the role of pulse number, we selected four different
pulse number levels for testing: 0 (as a control group), 300, 600, and 900. This experimental
design aimed to precisely determine the optimal pulse parameters by comparing the
ablation effects at different pulse numbers. The experimental results are shown in Figure 5.
Under the conditions of a frequency of 10 Hz and an electric field intensity of 15 kV/cm,
when the pulse number was 300, the cell viability reflected by the CCK8 value after 12 h of
culture post-ablation reached 9.7%. This result is highly consistent with previous research
data of 11.3%, validating the stability and reliability of the experiment. Furthermore, when
the pulse number increased to 600 and 900, the cell viability significantly decreased to 1.3%
and 0.7%, respectively, indicating that the ablation effect gradually strengthened with the
increase in pulse number, as shown in Figure 5b.

It is particularly noteworthy that when the pulse number increased from 300 to 600,
there was a significant reduction in cell viability from 9.7% to 1.3%, indicating a strong
effect. In contrast to similar PEF ablation studies, the results of one of the studies indicated
that following the completion of pulsed electric field (PEF) treatment, an electrochemical
assessment of the ablation of colorectal liver metastases revealed that 23 out of 27 metastases
achieved complete remission; on the other hand, Dr. Jing Wang found that the proportion of
cell apoptosis could reach around 80% in a study on the ablation of human oral squamous
cell carcinoma using nanosecond pulsed electric fields. Combined with the results of other
similar studies, the ablation efficiency is about 80–95% [39,43–45]. In contrast, our study
showed that only 0.7% of the cells in the treatment group survived within 12 h after the
ablation. This figure indicates an ablation efficiency exceeding 90%, a result attributed to the
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high-voltage pulse generator we employed. However, when the pulse number continued
to increase from 600 to 900, although the ablation effect still increased, the magnitude of
the increase was relatively small, with cell viability only decreasing from 1.3% to 0.7%.
This phenomenon suggests that after the pulse number increases to a certain level, the
enhancement trend of the ablation effect begins to plateau, possibly reaching a saturation
point. On the other hand, in studies examining the effects of electrical pulses on cells,
there have been previous reports using almost the same pulse parameters as ours, yet
the ablation effect on the cells was significantly weaker compared to our results [46]. By
comparing each of the pulse parameters used in both studies, it was found that the pulse
width provided by our pulse source was only 10 ns, while the other study used a pulse
width of 300 ns. This significant difference in pulse width is a crucial factor contributing to
the disparity in ablation outcomes. Existing research has shown that narrower pulse widths
result in better penetration of the pulse during cell ablation [40,47,48]. Therefore, our pulses
are more likely to penetrate deeply into the cells and act on the intracellular organelles,
leading to more effective cell destruction and consequently a more pronounced ablation
effect. In summary, this experiment systematically studied and revealed the significant
impact of pulse number on the effect of electroporation ablation and initially explored its
potential saturation effect. Future research should further investigate the changes in the
ablation effect over a wider range of pulse numbers and how to optimize pulse parameters
to achieve more efficient and safer electroporation ablation therapy.

Electronics 2024, 13, x FOR PEER REVIEW 12 of 15 
 

 

15 kV/cm, when the pulse number was 300, the cell viability reflected by the CCK8 value 
after 12 h of culture post-ablation reached 9.7%. This result is highly consistent with pre-
vious research data of 11.3%, validating the stability and reliability of the experiment. Fur-
thermore, when the pulse number increased to 600 and 900, the cell viability significantly 
decreased to 1.3% and 0.7%, respectively, indicating that the ablation effect gradually 
strengthened with the increase in pulse number, as shown in Figure 5b. 

0 200 400 600 800 1000

27.5

28.0

28.5

29.0

29.5

30.0

30.5

Te
m

pe
ra

tu
re

 (°
C

)

Number of pulse
 

0 200 400 600 800 1000

0

20

40

60

80

100

C
el

l S
ur

vi
va

l R
at

e （
%

）

Number of pulse  
Figure 5. Temperature variation over time during the experiment and cell viability under ablation 
with different pulse numbers. (a) Temperature changes in the samples after ablation with different 
pulse numbers; (b) cell viability after 12 h of subculture following ablation with different pulse 
numbers. 

It is particularly noteworthy that when the pulse number increased from 300 to 600, 
there was a significant reduction in cell viability from 9.7% to 1.3%, indicating a strong 
effect. In contrast to similar PEF ablation studies, the results of one of the studies indicated 
that following the completion of pulsed electric field (PEF) treatment, an electrochemical 
assessment of the ablation of colorectal liver metastases revealed that 23 out of 27 metas-
tases achieved complete remission; on the other hand, Dr. Jing Wang found that the pro-
portion of cell apoptosis could reach around 80% in a study on the ablation of human oral 
squamous cell carcinoma using nanosecond pulsed electric fields. Combined with the re-
sults of other similar studies, the ablation efficiency is about 80–95% [39,43–45]. In con-
trast, our study showed that only 0.7% of the cells in the treatment group survived within 
12 h after the ablation. This figure indicates an ablation efficiency exceeding 90%, a result 
attributed to the high-voltage pulse generator we employed. However, when the pulse 
number continued to increase from 600 to 900, although the ablation effect still increased, 
the magnitude of the increase was relatively small, with cell viability only decreasing from 
1.3% to 0.7%. This phenomenon suggests that after the pulse number increases to a certain 
level, the enhancement trend of the ablation effect begins to plateau, possibly reaching a 
saturation point. On the other hand, in studies examining the effects of electrical pulses 
on cells, there have been previous reports using almost the same pulse parameters as ours, 
yet the ablation effect on the cells was significantly weaker compared to our results [46]. 
By comparing each of the pulse parameters used in both studies, it was found that the 
pulse width provided by our pulse source was only 10 ns, while the other study used a 
pulse width of 300 ns. This significant difference in pulse width is a crucial factor contrib-
uting to the disparity in ablation outcomes. Existing research has shown that narrower 
pulse widths result in better penetration of the pulse during cell ablation [40,47,48]. There-
fore, our pulses are more likely to penetrate deeply into the cells and act on the intracel-
lular organelles, leading to more effective cell destruction and consequently a more pro-
nounced ablation effect. In summary, this experiment systematically studied and revealed 
the significant impact of pulse number on the effect of electroporation ablation and ini-
tially explored its potential saturation effect. Future research should further investigate 

（a） （b） 

Figure 5. Temperature variation over time during the experiment and cell viability under abla-
tion with different pulse numbers. (a) Temperature changes in the samples after ablation with
different pulse numbers; (b) cell viability after 12 h of subculture following ablation with different
pulse numbers.

In conclusion, during the process of the electroporation ablation of liver cancer cells
using our newly developed pulse generator, the ablation effect is positively correlated with
the cumulative effect of the applied number of electrical pulses. At the same time, when the
number of electrical pulses reaches 900, further increasing the pulse number no longer has a
significant impact on the final ablation effect. We refer to this as the “cumulative saturation
effect of pulse number”. This saturation differs from the saturation caused by increasing
the electric field intensity. When treatment saturation is reached due to the electric field
intensity, increasing the electric field will expand the ablation area, but the ablation effect
within the original area between the electrodes does not significantly improve. On the other
hand, the saturation caused by increasing the pulse number results in the number and size
of pores on the cells reaching saturation and stabilization, without significantly affecting
the ablation range.



Electronics 2024, 13, 4816 13 of 15

4. Conclusions

This paper reports on a novel pulse generator, which is based on a silicon carbide (SiC)
photoconductive switch. Through cell ablation experiments, we investigated the impact
of various pulse parameters on the final ablation effect when using this device for liver
cancer cell ablation. The pulse generator can reach a maximum voltage of 15 kV and a
maximum frequency of 10 Hz, with the number of pulses flexibly adjustable according
to demand. In our cell ablation studies, we found that within the low-frequency range
(<10 Hz), voltage has a greater influence on the ablation of liver cancer cells than frequency.
Furthermore, optimal ablation effects were achieved when the electric field intensity was
set to 15 kV/cm, the frequency to 10 Hz, and the number of pulses to 900. Under these
parameters, the cell survival rate after 12 h of subculture following ablation was only 0.7%
of that of the control group under the same conditions, indicating a high level of ablation
efficiency compared to similar studies. On the other hand, during the ablation process, the
temperature change near the ablation probe was less than three centigrade, demonstrating
that this device generates minimal heat during operation and thus exhibiting high medical
safety. This research is significant for broadening the application fields of SiC devices and
actively promotes the exploration of SiC devices in interdisciplinary applications.
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