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Abstract. The Graphical User Interface (GUI) of the biometliequipment is expected to perform reliably and to
assure fast response at a maximum level of saféeydesigned a user-friendly GUI to control the higltage
signal generator (electroporator). Electroporatioa phenomenon in which biological cell membraasrgability
becomes transiently increased due to exposure telectric field caused by high-voltage electric gmsl.
Electroporation is used in electrochemotherapyegelectrotransfer and non-thermal tissue ablat#focustom-
developed high-voltage signal generator (electratooy was designed as a modular solution embedalingni-
ITX platform with the Microsoft Windows CE 5.0 opéray system. A custom application was designedisu#
Basic .NET to control the output power stage vianaversal Serial Bus 2.0 connection. The device mmact and
controlled using a touch-screen display. Due tostiellless operating system the user does notdde¢ using a
Personal Computer at all. Namely, the GUI layoutlésigned intuitively needing no knowledge of theice
properties or electronics.

Keywords: graphical user interface (GUI), biomedical devieasnputer software, Windows CE, electroporation

lead to cell apoptosis.

To perform electroporation with nanopulses [14], a
Electroporation is a phenomenon in which biologicatiifferent type of the electroporator is needed.sTisi
cell-membrane permeability becomes transientlynainly because regular output power stages of the
increased due to exposure to high-voltage eleptrises currently available electroporators cannot delpelses
[1]. This phenomenon causes molecules to easibf durations shorter than 1 ps [15], and theretam@not
traverse the plasma membrane, which can be usaful electroporate internal membranes of cells. Since
chemotherapy of tumors [2] and gene therapy [3tommercial nanosecond high-voltage signal genexator
Electroporation has been used in electrochemotiieragre not available yet, we started to build our own
(ECT) since the 80’'s [4] to improve efficiency ofelectroporator that would be capable of producimchs
chemotherapeutic agents due to increased perntgabilulses, principally on the model of other research
of cell membranes achieved by means of high-voltaggoups [16]. The electroporator that we developeq [
electric pulses [2, 5]. If pulse parameters (aroght is intended for laboratory experiments in the field
duration, number of pulses and repetition rate) amdectroporation to provide the basic knowledge ow h
adequately chosen [6], the effect of electropomai® cells respond and which mechanisms are involvechwhe
reversible and the cell will reestablish its irlitetate exposed to high-voltage nanosecond pulses [18].
afterwards [7]. The amplitudes of the typical efiect For the electroporator to operate properly, an
pulses for ECT application range from 40 to 6000Y ( adequate User Interface (Ul) needs to be designed.
even more — depending on the electrode geometrBince the electroporators are devices used in
their duration is between 20 and 1000 ps and tlay cbiomedicine, it is vital that Ul is reliable, fagtsponsive
be usually applied in a sequence of up to 64 pUBjes [19] and safe for use. When designing an easy-#o0-us
Another efficient electroporation application isnge electroporator, a Graphical User-interface (GUI)
electrotransfer where enabling the use of to soxtene controller should be used to reduce the time ne¢ded
longer pulses or a combination of high- and lowtagé learn how to operate a new device and increase the
pulses leads to DNA transfer into cells [9, 10]operator’s effectiveness. Therefore, we design&Ua
Moreover, irreversible electroporation is anothecontroller that enables the user to efficiently wae
possible application of electroporation used tofigrer  nanopulse electroporator.
non-thermal tissue ablation [11]. Recently, however
special attention has been given to the effects of
high-amplitude (up to 10 kV) electric pulses of
durations in the nanoseconds range (i.e. nanoseca®d. Hardware platform
electric pulses onanopulsegs[12]. Nanopulses induce
increased permeability of not only the outer bsbahe When starting the process of constructing a GUI
internal membranes of biological cells [13], whichn controller, the designer first needs to chooserdwre

platform [19]. Generally, the processor-based hardw
Received 31 January 2011 platforms can be divided into two major groups:
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general-purpose computers (personal computers — PZA Eden processor (VIA Technologies, Taiwan, 2001)
and special-purpose computers (embedded systemshning at a frequency of 1.2 GHz. VIA EPIA M700
[20]. Because a GUI controller is basically an eddssl also provides a socket for DDR SDRAM and
system that performs only few predefined functioas, incorporates an integrated graphics controller vath
special-purpose computer as the hardware platforfideo Graphics Array (VGA) output. A Network
seems an adequate choice. In fact, the embeddetkerface Controller (NIC) is available as well an
systems have been the primary choice for many useambedded Universal Serial Bus 2.0 (USB 2.0)
interface designers in the past [15]. Using an efdbd controller.
microprocessor board is in any case an advantatle wi To avoid using a Hard Disk Drive (HDD), a
respect to the device compactness; a single embeddsompactFlash (CF) card was used as the main storage
system means less electronics in the device. AHo, media instead. Compared to HDD, there is no
peripheries can be programmed within a singlemechanical delay when using CF cards since they
environment. However, the microprocessor of theerform data storage based on flash technology #ls
system needs to perform both the calculation piattteéd  be noted is important that when the system is ghilgi
output signals (engine) and the displaying parthef transported, the probability of damaging its congrua
system (user interface). Consequently, modularity @s reduced. Moreover, CF cards provide complete
software is truncated since multiple functions ar&ruelDE functionality meaning that they are fully
forcibly joined together by the designer, which dam compatible with ATA/ATAPI (Advanced Technology
considered as a disadvantage. Attachment - Packet Interface). Therefore, all veed

To eliminate this disadvantage, modularization ofs CF to the Integrated Drive Electronics (IDE) piza
both hardware and software components is a godd order to connect the CF card to the mainboa an
solution enabling achievement of several additionalse it as HDD.
advantages:

2.2. Output power stage
- distribution of functions along the system

components assures better allocation of th&he output power stage of the electroporator isgdesl
system resources, on a modified Blumlein configuration that enables a

high repetition rate of a variable duration of eith

- simple replacement of damaged hardwarBiPolar or unipolar high-voltage pulses. The depetb

lowers maintenance expenses; only brokeflectroporator consists of high-voltage power syppl
components need to be replaced, (DC-DC in Fig.1), double charge and discharge

switches $witch and Dischargan Fig.1) and Blumlein

- when designing multiple different systems tha{r{;\nsmission line Goaxial _Transmis_sio_n Li_n'en_Fig.l)
perform similar functions, the existing designé""th th_e load. The Blumlein transmission line |51[¢E_‘d
of hardware or software components can bBY & high-voltage power supply via two charge smet
reused and reintegrated into new system?.rov'd'”g high pulse repetition rates. The outpulse

Hence, development costs of new devices ald genera_ted by discharging the transmission liitl w
lower and the time-to-market shorter. the two discharge switches. The delay betweenvtie t

discharge switches defines the duration and tharibpl

Nevertheless, a modular solution can also bf the pulse, while the amplitude of the pulseeined
obtained using a general-purpose personal compuf®f the high-voltage power supply output voltag/(n
(PC), although there are certainly concerns abeirigu Fig.1). The delay between the two switches is geeer
it as a GUI controller. Evaluating hardware cagtied Dby the delay unit which can generate positive and
of such systems, it is appropriate to use x86-basé@gative delays between the two switches. The high-
mainboards commonly including powerful processor¥oltage power supply and the delay unit are coletol
running at a frequency of 1 GHz or above an®y the output stage controller which also genertiies
embedding a fast Double Data Rate (DDRYyharge and discharge signals.

Synchronous Dynamic Random Access Memory The electric parameters of the nanosecond pulses
(SDRAM). (amplitude 250 — 1000 V, pulse duration 40 — 200 ns
In order to equip our nanopulse electroporatohwit humber of pulses 1 — 100, and pulse repetition Tate

GUI controller, we first had to choose hardwaret thal00.000 Hz) are received by the output stage ctbeitro

would comply with our intentions of designing afrom the GUI controller via a Universal Serial BRS
modular solution. Hence, we chose to design oukSB 2.0) data connection.

GUI controller based on a Mini-ITX platform (VIA

Technologies, Taiwan, 2001). We used a VIA EPIA.3. Software platform

M700 mainboard which is an x86 processor-based PC

mainboard of a 17 x 17 cm size. The board embeds”§hough the x86-based platforms are obviously
powerful enough to allow construction of sophidich
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GUI controllers, the main doubts in using suchransferring touch signals from LCD to the Mini-ITX
platforms as embedded systems arise from the s@ftwanainboard. Operating system boots from the
configuration that runs on them. Namely, if we wamt CompactFlash (CF) card connected to the mainboard
use a general-purpose PC as an embedded system,vigean Integrated Drive Electronics (IDE) bus. Udata
first need to minimize its functions by choosing ars stored on an externally attached USB flash tlisis
adequate operating system. Since PC mainboards assuring data portability.

targeting end-users, operating systems availabte fo

such platforms are not meant to be used in embedded

systems. Although Real-Time Operating System ¢

IV}
I U

(RTOS) for the PC platform actually exist, e.g. -
uss | EZ

VxWorks (WindRiver, USA, 2009), we found them Ninj-|TX = Cdd
inappropriate for our needs. Besides modularity an * USB ‘
1 2
IDE JUSB 2.0 >
|§ ‘CIF \II:Iash| DELAY IPULSE § IHV

market when building GUI controllers, so we opted f
solutions that would already include predefined niesl I
T

or templates and would be directly applicable i ou ¢ LS hisl Switch &
P y app Touchscreen ke Discharge

High-voltage Signal Generator project. In our case, | :
chose the Microsoft Windows CE .NET 5.0 (Microsoft s I —' I
Redmond, USA, 2006) which eventually proved to bE-ESiRoo® [:l £oAXiAL TR M LINE

an excellent solution. Microsoft Windows CE .NED 5.

operating system provides support for .NET

programmability and allows rapid prototyping. Thisrigure 1. Block scheme of the developed High-voltggmal
operating system is meant to be used on PC plagfor@enerator (GUI — Graphical User Interface; USB 2.0 —
applied as embedded systems. Although Embeddediversal Serial Bus 2.0; VGA — Video Graphics ArrépE
Linux, which is the use of certain Linux distribartis on - Integrated Drive Electronics; CF — Compact FlashSG-
embedded systems, is also an option, it was ndigid t Output Stage;C — Inter-Integrated Circuit; GPIF — General
using the Windows Embedded operating systems woufrPose Interface; DC-DC — Direct Current - Direct €oty
lead to shorter time-to-market [21]. pC — Ml_crocontroller; HV — High Voltage; LCD — Liquid
Another important design aspect is the syste|%ryStaI Display).
upgradeability. When using the Windows CE .NET, the
hardware platform is supported in OS via the stedal
Board-Support Package (BSP) which is a collectibn
drivers and diagnostic applications that fully sirsthe
functioning of the chosen mainboard in the Window
CE .NET. If the designer decides to upgrade t

hardware platform to a more recent product, allt th% :
. ; . ) peeds of up to 80 Mbps are achieved. The outpgest
needs to be done is replacing BSP with a diffece® ,nyojier consists of an EZ-USB FX2LP integrated

and simply rebuilding the operating system thugj.c.it (cy7C68013A, Cypress, USA, 2002) with a
assuring the system upgradeability. fully-programmable microprocessor embedded. The
output stage controller Inter-Integrated CircuitC

user-friendliness, one of our goals is short time-t I

0°Zgsn

=
oJ

£

The output stage controllerO¢S Controller in
(fEig.l) is connected to the GUI controller via a USB
connection thus assuring fast transfer speeds

heoretically up to 480 Mbps). By using our custom
mware for the output stage controller, the tfans

3 RESULTS periphery is connected to the Direct Current — &ire
Current (DC-DC) module microcontroller
3.1. Hardware platform (PIC18F45J10, Microchip, USA, 2005). For time-

- . -critical transfers, a General-Purpose InterfacBIfp is
A block scheme of the developed High-voltage Slgnal‘JFsed; such a connection is established between the

Generator [17] is shown in Fig.1. System modularit .
presented irSection 2was accomplished by separating¥X2LP and Field-Programmable Gate Array (FPGA)

the GUI controller GUI Controller in Fig.1) from the filrrnciﬁlts()rigfessig?, f)(()lrlI2;}1(?Su'IA‘slezoerz)rntgte?ChErl\g;[?()s
output stage controllerOuS Controllerin Fig.1) that 9 y P P 9

manages high-voltage pulse generation.
Thge GUIgcontroIgljerpunit ig based on VIA EPIA 3.2. Output measurements
M700 (VIA Technologies, Taiwan, 2001) which is a
Mini-ITX form factor mainboard. The mainboard
displays GUI software on a 15” Liquid Crystal Diap
(LCD) touch screen (1537L, EloTouch, USA, 2005
connected to the mainboard by means of both theo/id
Graphics Array (VGA) and the Universal Serial Bug 2
(USB 2.0) connections. The latter is needed f

Functioning of the system was verified with
measurements. The obtained results show that both
ardware and software perform according to
pecifications: pulses of the desired parametess ar
produced (the amplitude of 250 — 1000 V, pulse
c)(%juration of 40 — 200 ns, number of pulses 1 — &0,
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pulse repetition rate of 1 — 100.000 Hz). The
parameters are set and executed by the user Relative _
Graphical User Interface (GUI) software, o error%
measurements indeed verify proper functioning ahb
hardware and software.

Our output voltage measurements are shown in
2. They were made by using a WavePro 730

40% |

30% |

. . = 1000V
oscilloscope (LeCroy, USA, 2008) and a high-volta 20%
probe (PPE2KYV, LeCroy, USA, 2008). =~ 600V
10%7 250V
Relative ‘ 0%-
error %] —Displayed
0.5% | ) —Measured -10%-
S3BRE2 L Duration
0,0% . .
Figure3. Measured error of the pulse-duration.
Each pulse-duration value was measured as an
-0,5% average of three samples. As each value was also
measured at three different voltages, nine measmsm
were made altogether for each pulse duration. As
1.0% Set voltage according to device specifications, the pulses are
' S oo9o oo 2o |V generated between 40 and 200 ns, pulse duratiores we
T o ®© o measured within this range, too. They were also

measured at 20 ns in order to verify the boundary
conditions of the device output stage. As seenign ¥;

The voltage was measured on the output of a Direte deviation of the pulse duration between 40 20
Current — Direct Current (DC-DC) convert®@@-DCin S 1S within a 10% relative error which we find
Fig.1) in the range from 260 to 1000 V. Thecceptable. The highest accuracy was achievedthéth

measurement results (see Fig. 2), show that the &fises of the amplitude of 250 V and durations betw
voltage (using GUI), displayed voltage (measured 40 @nd 140 ns. _ ,

internally in the DC-DC converter and displayed in |N€ device was first software-calibrated so as to
GUI) andmeasuredvoltage (using the oscilloscope onachieve the results shown in Fig. 3. As device

the DC-DC converter output) reside all within taage calibration is specific to the type of the eleceedised,
of a 1% difference at the maximum. This rather tiao € Pulse parameters (voltage and duration) cangena

error is, however, the consequence of VO“ag%ignificantly if electrodes used in experiments are

quantization, as the voltage data is sent as ait g-fifferent from the ones used at the time of catibra

parameter from the GUI controller to the Outpuigsta | herefore, upon each change of the electrodes, the

controller and is considered by us as acceptable. device should be recalibrated to avoid producing
The pulse duraton was measured, too. Th@accurate pulses.

measurements were made in 20 ns steps from a 50%

amplitude at the rise time to a 50% amplitude atfgil  3-3 Software platform

time using algorithms embedded within the WavePro

7300A oscilloscope (LeCroy, USA, 2008). The resulté custom software application was designed as taiem
are shown in Fig. 3. GUI software. A screenshot of the nanopulse

electroporator with GUI is shown in Fig. 4.

Figure 2. Relative error of voltage measurements.
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need of having the device manually recalibratedheac
time.

The above modifications were not developed and
implemented at this stage because they would regunr
extensive work which would delay the time needed fo
finishing the device. However, because of the madul
structure of the High-Voltage Signal Generator,
increasing the complexity of the device by adding
additional functionalities is not a problem. Alsoany
of the hardware and software components of thecdevi
can be reused when developing similar new devices.
doing so, the time of development can be shortemed
the costs reduced. It is actually a procedure many
development departments try to achieve and ourcdevi

is probably a good example of how to do it.

Figure 4. Nanopulse electroporator with the GUtwafe.

The GUI software is developed in the C#
programming language and runs as an embedded
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GUI allows setting all the pulse parameters needed
(voltage, duration, number and frequency), andyfull
operating the device (arming the output stagetistar
and stopping pulse generation). Moreover, the puléé]
parameters can be saved to or be loaded from éofile
an externally attached USB flash disk).

(2]
4 CONCLUSION

We developed a compact nanopulse electroporator thg
works reliably and is safe to use. The electromorat
designed in a modular way and the chosen hardwate a
software assure a good user experience. Our
measurements show that the electroporator operates
compliably with the imposed specifications as if4]
generates pulses with the appropriate parameters
(amplitude, duration, number and frequency).

Although the High-voltage Signal Generator is SF
sophisticated device, there are always new possi é
ways of improving the user experience. A good
improvement would be an additional measurement
screen with the time-domain measurements baseleon 6]
model of oscilloscope user interfaces. Such an
implementation would, however, require extensive
firmware and hardware upgrades in order to acghee
output voltage in real time, but would actuallynghate [7]
the need of an external oscilloscope that is a$ thi
moment necessary to measure the generated pulses.

Also, there is a possibility of implementing
dynamical changing the calibration settings witkpect
to the electrodes currently used. In this way,eddht
types of electrodes could be frequently changedoat

(8]
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