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graphical user interface

We propose an electrical cell-substrate impedance sensing (ECIS) system consisting of a
low-cost compact analog front end (AFE) and a web-based user interface. Adopting a late-
model oscilloscope reduces the cost and size of the AFE. The web server was installed on an
embedded computer to control the AFE and user interactions. The proposed system frees up
the space normally needed for a display and keyboard/mouse in existing systems, which is an
advantage in crowded laboratories, and it also prevents malfunctions due to inadvertent user
input. In addition, the system control and experimental status can be monitored via smart
devices such as smartphones and tablets anytime and anywhere. The accuracy and precision
of the impedance measurement, which is the basic function of the ECIS system, are verified
through experiments. Biomedical engineers using the proposed system report benefits due to
the saving of laboratory space, the reduced probability of malfunction, the potential to monitor
the experiment anytime and anywhere, and the ability to share experimental results with remote
colleagues.

1. Introduction

Electrical cell-substrate impedance sensing (ECIS) technology can be applied to the
analysis of cell migration, attachment and spreading, transepithelial electrical resistance,
and proliferation.(lflo) An electrical cell-substrate impedance sensor is one of the electrical
biosensors that perform biochemical analysis entirely dependent on current and/or voltage
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measurements.!!?) Using the impedance sensor, we can observe the cytotoxicity of a variety
of toxicants and the status of stem and cancer cells.!*™'” When cells are added to the electrical
cell-substrate impedance sensor array and attached to the electrodes, they act as insulators
that increase the impedance. As the cells grow and cover the electrodes, the number, shape,
and attachment properties of these cells affect the current flow and change the impedance.
Observations of changes in impedance over time can be used to inversely predict the cell status.

Conventionally, a lock-in amplifier is used to measure the impedance of a cell substrate,
but a signal acquisition system such as a digital oscilloscope and a sine wave generator can
be used to measure the impedance.?? Although a precision impedance analyzer is usually
used in research, application-specific integrated chips can also be used for portability or high
throughput.®!2»  Since most applications require the measurement of impedance below
100 kHz, the signal generation and acquisition must be stable in this range. The ECIS system
is used to observe impedance changes over time, so it is essential to graphically display
the experimental data. This can be accomplished using a dedicated ECIS system or a data
processing and visualization application.®%!7-2423) For portable devices, a personal computer
(PC) may be connected to the impedance measuring device.?" The control of the graphical
user interface (GUI) requires input devices such as a mouse and keyboard as well as a display
device such as an LCD monitor. However, the input and display devices not only increase the
overall size of the system, but also increase the likelihood of inadvertent user interaction. This
problem is more significant when the ECIS system is implemented in the form of point-of-care
systems, which are becoming increasingly common today. Since ECIS instruments measure
the impedance signal every few minutes over a period of several days, the user does not need
to check the results continually. Thus, if the user interface is separated from the impedance
measurement device, it can both save space and reduce the risk of improper user interaction
with the device.

The number of biomedical devices with GUIs has increased over the past decades as GUIs
are popular and provide more convenient user interaction. Generally, a PC with the Windows
operating system or its embedded version provides a powerful GUI development environment

and excellent maintenance functions.?%2®

However, it is anticipated that rapid and recent
developments in open hardware and software platforms will be actively applied to developing
GUIs.?3D Regardless of the platform, the GUI is typically a desktop application; however,
with the development of Internet-of-Things and cloud computing, the display and data records
associated with biomedical equipment are expected to become cloud-based to facilitate
maintenance, control, and monitoring. With these changes, GUI implementation on the web
is also expected.?%>3) Implementing the GUI of a biomedical device on the web will help
eliminate inadvertent keyboard input by removing the separate input devices. In addition, the
space required for input/output devices is greatly reduced, providing users with more space.

In this paper, we describe a system in which the space occupied by the ECIS system is
reduced, which prevents inadvertent GUI interaction by introducing a low-cost, compact design
of the analog front end (AFE) and a web-based user interface. To implement this compact
AFE, a USB oscilloscope with a signal generation function was adopted and the impedance was
measured by controlling it via an embedded computer. The control of the measurement program
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and the display of the results are performed via a web interface for smart devices connected
to the Internet. This allows the space occupied in the laboratory to be drastically reduced,
and the impedance change can be observed anytime and anywhere. The performance of the
proposed system was verified experimentally using an emulator circuit board for an electrical
cell-substrate impedance sensor array and actual cell culture experiments. Experimental results
show that the proposed system works well. In addition, we received very positive responses
from bioengineers who conducted cell culture experiments for several months using the
proposed system. The following section details the implementation of the AFE and web server,
how to measure the impedance, and the cell-culture experimental process. Sections 3 and 4
describe the experimental results and conclusions, respectively.

2. Materials and Methods
2.1 Overall system implementation

Figure 1 shows the block diagrams of the proposed system and a classical system employing
a PC GUI. Existing systems implement a desktop application that provides a GUI on a PC
to visualize the impedance data obtained by controlling the AFE. In contrast, our proposed
system implements a web server on an embedded computer that allows the AFE data to be
collected and visualized by instructions received from smart devices. With this structure, a
small embedded computer without a display or input devices can be used for the web server. In
addition, only the web server and AFE are installed in the laboratory, reducing the footprint of
the system and preventing inadvertent input.

2.2 AFE implementation

Figure 2 shows the sensor array interface circuitry. For noninvasive detection, the stimulus
current should be about 1 pA and the resistance of the cell-loaded channel is on the order of

Sensor AFE <:> PC
array

(a) classical system

A,

Sensor Embedded - ) Smart
AFE L ‘ #

array computer C devices

| \ N =4

internet

(b) proposed system

Fig. 1. (Color online) Overall system.
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Fig. 2. AFE block diagram.

10 kQ. Thus, as shown, the 1 Vpp signal is connected to the multiplexer through a 1 MQ
resistor. When this circuit is configured, the selected channel through the multiplexer is
stimulated with a sine wave current of about 1 pA. The specifications for the amplifier type
and gain were determined through a review of the literature. In most studies, the reported
frequency of the stimulation current was within 100 kHz and the channel resistance of the cell
was within 50 kQ. The gains were less than 100 considering the saturation of the amplifier
output. As a result, 100 was the most appropriate gain, and we chose an amplifier with a gain
bandwidth above 10 MHz and low input offset current and voltage, considering the determined
gain and a very low excitation current of less than 1 pA.

Considering performance, size, and cost, we chose a commercial USB oscilloscope (Analog
Discovery 2, Digilent Inc., USA) as the signal generation and acquisition system. The device
can generate a stable sine wave at 100 kHz and provides a sufficiently large acquisition
bandwidth. Since this equipment also provided the power and a digital port in addition to signal
generation and two-channel signal acquisition, the amplifier power and multiplexer selection
signals were also implemented through this equipment. The control of the USB oscilloscope
was handled through web server software. The signals from the signal generator and the
amplifier output were connected to channels A and B of the oscilloscope, respectively. Various
methods could be adopted to obtain the impedance from these two signals. However, in this
work, the sine functions of the two signals were estimated by a least-squares-error fitting
method. The complex gain between the excitation voltage measured from channel A and the
divided voltage measured at channel B could be calculated from the amplitude ratio and the
phase difference between the matched sine functions. The relative impedance for the reference
resistor (1 MQ resistor in Fig. 2) was related to the gain calculated as

z
Zy+Z O

7

g:
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where g, Z, and Z,.r are the complex gain, the channel impedance to be measured, and the
reference resistance (1 MQ), respectively. From the above equation, the impedance of each
channel of the sensor array could be obtained.

Figure 3 shows the components of the implemented AFE. An array interface board
containing a multiplexer and an amplifier circuit can be mounted on the Analog Discovery 2
oscilloscope, as shown on the left in the figure. The right side shows the array emulator board
and sensor array (Applied BioPhysics, Inc., NY USA). At the bottom of the array interface
board, there are nine spring contacts that are connected to the contact part of the sensor array
by pressure.

Because the entire AFE must be in an incubator, it is sealed in a case, as shown in Fig. 4.
When the lever shown in the middle of the figure is pushed in the direction of the arrow, the
array contacts and the spring contacts of the array interface board become tightly connected and
the inside of the AFE is sealed off from the incubator air. A flat USB cable was used to ensure
that incubator sealing was disturbed as little as possible as it exited the incubator.

Figure 5 shows the system setup in which a mini PC (Zbox PI330, Zotac, China) was used as
the embedded computer installed on top of the incubator. The AFE, installed on the top shelf

Sensor array

Analog discovery 2

Array interface Array emulator

Fig. 3. (Color online) Components of the AFE.

lock €&— @

Fig. 4. (Color online) Sealed AFE.
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Fig. 5. (Color online) System setup.

inside the incubator, is connected by a USB cable. In addition to the USB cable, the mini PC is
connected to a power cable and an ethernet cable.

2.3 Emulator circuit board for the verification of impedance measurement performance

To verify the impedance measurement performance of the proposed system, we fabricated a
circuit board capable of emulating a sensor array, as shown in Fig. 6. Eight channels were each
connected in series to a resistor with resistance increasing successively from 1 to 8 kQ resistors
and a 10 nF capacitor to emulate the different degrees of cell proliferation. The impedance
of each channel was repeatedly measured using the proposed system, and the coefficient of
variation (CV) was obtained. The relative error was also obtained by calculating the difference
from the value measured with a digital multimeter.

2.4 Software implementation

Figure 7 shows a software block diagram of the proposed system. The ECIS system software
can be divided into a device control module that controls the AFE, a web front-end module
that manages the user interface, and a web server that controls these modules and manages the
measurement data in the database. The selected software suite was demonstrated to work well
with a variety of mini or embedded PCs running on the Windows operating system and with
a Linux single-board computer. All modules were implemented in Python and could be run
on all platforms without modification. The web server was designed with Python’s Django
Web Framework, an easy and powerful language. The web server displays the web front end
to the user with a GUI, receives commands from the user, controls the device, and enables the
visualization of the experimental data.
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Fig. 6. (Color online) Sensor array emulator.
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Fig. 7. (Color online) Overall software structure of the proposed ECIS system.

Figures 8 and 9 show the control panel for controlling the AFE and the report panel for
confirming the experimental data, respectively. From the left, the control panel is divided
into three parts: ‘CHIP SETUP’, ‘PARAMETER SETUP’, and ‘DEVICE CONTROL. When
the user presses the ‘CHECK CHIP’ button located in the ‘CHIP SETUP’ section, the device
measures the impedances from all the channels of the sensor array, outputs them to the table
over the button, and activates ‘PARAMETER SETUP’. If a channel is not loaded with a cell
and the channel impedance exceeds the given threshold, instead of the “\’ icon, a red < icon is
displayed to indicate that the cell is absent, and the corresponding check box is disabled. Users
can select the checkbox in the ‘PARAMETER SETUP’ section to set the desired channels and
frequencies. The measurement interval and deadline can be arbitrarily set in units of minutes
and days, respectively. After completing the desired experimental conditions in ‘PARAMETER
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Fig. 9. (Color online) Report panel.

SETUP’, the ‘SET UP’ button can be pressed to activate ‘DEVICE CONTROL". In this part,
the status information of the current experiment is displayed as either ‘initializing’, ‘ready’,
‘setup ok’, or ‘running’ on the row labeled ‘State:’. If the experiment is in progress, the deadline
and elapsed time of the experiment are displayed on the rows labeled ‘End Date:” and ‘Elapsed



Sensors and Materials, Vol. 31, No. 5 (2019) 1617

Time:’, respectively. The ‘START’ button can be pressed to start the measurement. The button
labeled ‘Record’ can be checked at any time to record experimental data.

Figure 9 shows the report panel, which presents the measurement data recorded in the
local database of the embedded computer. Among the experiments that have been carried out
so far, the latest three experimental data points can be drawn by checking one of the radio
buttons. There are options to draw multiple desired channels, to select a frequency, or to draw
a complex impedance by selecting the magnitude, resistance, or capacitance. The report panel
also provides a ‘SAVE AS EXCEL’ button to download the data to an Excel file if desired. The
lower graph of the report panel displays the results of the emulator measured at 1 min intervals.
Figures 8 and 9 show the results of the emulator with the resistors of channels 3 and 6 removed
to emulate empty channels. It can be seen that the corresponding channels in the ‘PARAMETER
SETUP’ part of the control panel are indicated by red ‘%’ icons, and that the corresponding
check boxes in the middle of the report panel are deactivated.

2.5 Cell culture and growth measurements

To test the impedance changes resulting from cell proliferation, human embryonic kidney
293T (HEK-293T) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza,
USA) supplemented with 10% fetal bovine serum (FBS) (Gendepot, USA) and 1X antibiotics-
antimycotics (Gibco, USA), and they were maintained in 5% CO; at 37 °C.

HEK-293T cells were cultured on an eight-well sensor array (8W1E PET, Applied
BioPhysics, NY, USA), where the bottom surface of each well was coated with 0.01% poly-L-
lysine (Sigma Aldrich, USA) overnight at 4 °C. 0.5-2 x 10° cells were plated in each well, and
then their attachment was confirmed with a phase contrast microscope (JuliTMBr, NanoEntek,
Korea) before being placed in the AFE. The sensor array has a circular electrode of 250 um at
the center of each well such that the impedance data could be obtained through this electrode.
As the cells grow and cover more of the electrode, the channel impedance increases.

3. Results and Discussion

Table 1 shows the CVs for the repeated measurements of various amplifier gains and
stimulus frequencies. All measurements were taken for the 1 kQ channel of the array emulator.
The reason for selecting the 1 k€Q channel was that the deviation was the largest when the
divided voltage was the smallest. Each CV was calculated by dividing the standard deviation of
the five measurements for each gain and each frequency by the average. It was confirmed that

Table 1
Coefficients of variation for five repeated measurements using the proposed system (1 kQ channel, %).
Frequency (kHz)
Amp. 1 2 4 8 16 43 64 128 Mean
10 0.9 0.5 0.3 0.4 0.5 0.4 0.9 0.6 0.6
50 0.2 0.1 0.0 0.2 0.1 0.3 0.1 0.4 0.2

100 0.1 0.1 0.1 0.1 0.2 0.3 0.3 0.2 0.2
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the CV was within 0.6% regardless of gain or frequency. When the gain was fixed at 50 and
100, the performance was almost the same. However, since the channel impedance could be
less than 1 kQ, the gain was fixed at 100 when fabricating the array interface board.

Table 2 shows the relative errors of resistance and capacitance measured using the proposed
system. The resistance was compared with the value measured with a digital multimeter and the
capacitance was assumed to be 9.5 nF. Overall, the resistance was within 3.6%. As expected,
the smaller the resistance, the greater the relative error. The assumed and meaured spray
capacitances from the array interface board to the emulator wiring would have affected the
error, but the overall error is very small. Considering that the relative error and measurement
variation are very small, as shown in Tables 1 and 2, the proposed system can be used without
correction in most applications. For more precise applications, a calibration would be effective
because the measurement variations are small, as shown in Table 1.

Figure 10 shows a microscopy image showing the cell attached to one well of the sensor
array SWI1E. The bright circle on the right shows the working electrode, and the more cells that
cover the electrode, the higher the impedance. Figure 11 shows that the impedance increases
with cell proliferation. The blue curve corresponds to the case with the most cells loaded.

In addition to easily observing the cell proliferation status with the proposed system, bio-
researchers have reported satisfaction with the following features. First, the proposed system
does not occupy much space in the laboratory, and there is no concern that an accessible input
device such as a keyboard or a mouse would lead to inadvertent input malfunction. Second, an

Table 2
Relative errors of the proposed system (4 kHz, 1 Vpp, sine wave stimulation, %).
Channel
1 2 3 4 5 6 7 8
R 3.6 1.7 1.2 0.9 0.4 0.2 0.2 0.0
C 14 25 1.3 L5 2.6 0.5 0.3 0.6

Fig. 10. (Color online) Channel with a loaded cell.
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Internet-enabled device such as a smartphone or a tablet enables access to the server anytime
and anywhere without the need for an application program to control the system. The user
interface shows the progress of the current experiment or results of a previous experiment. It is
also possible to share the experiment with remote collaborators. Finally, any concern about data
loss due to network failure is eliminated because the data is stored continuously and reliably in
the local database.

4. Conclusions

We proposed an ECIS system with a reduced size of the AFE owing to the adoption of a
small late-model oscilloscope and the utilization of a web server on the embedded computer
to provide AFE control and a web-based user interface. The accuracy and precision of the
impedance measurement, which is the basic function of the ECIS system, were verified through
experiments. The proposed system can be used in complex laboratories because it saves
space since there is no need for a display or a keyboard and mouse. In addition, smart devices
such as smartphones and tablets enable flexible system control and the monitoring of the
experiment status, as well as access anywhere with an Internet connection. Bioengineers using
this equipment reported satisfaction with the proposed system since it saves laboratory space,
reduces the probability of inadvertent input malfunction, enables experimental control anytime
and anywhere, allows experiments to be shared with remote colleagues, and stores data stably
and continuously to the local database.
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