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In this paper, we propose a system for estimating the concentration of biochemical reagents
through impedance measurement. In particular, we studied electrode structures that can
accurately measure impedance. We have fabricated electrodes using printed circuit boards
(PCBs), tapes, plastic films, and copper tapes applicable to existing mass production facilities
and investigated their performance. When the PCB pattern includes a pair of electrodes, a tape
or plastic film is used to make a well to hold the reagent. On the other hand, when two pieces of
copper tape were used, a hole in one piece acts as a well. The performances of various electrode
structures were compared by obtaining the coefficient of variation in the measurement through
repeated measurements of the impedances of various saline solutions of known concentrations.
Experimental results show that the impedance of a reagent can be measured stably using copper
electrodes.

1. Introduction

Most biosensors capable of detecting biomolecules such as nucleic acids, proteins, and
cells employ fluorescence labeling techniques for the sensitive and specific detection of
biomolecules.! ™ Label-free techniques have strong advantages over traditional fluorescence
labeling techniques, such as simplicity of analysis procedures and reusability of samples.(4_10)

Previously, an example of measuring the concentration of a biochemical reagent through
impedance measurement by a label-free technique was reported, and electrodes of various

(2,3,10-12) However, since these

materials were made on CMOS, glass, and plastic films.
electrodes do not have a stable mass production facility, the development and stabilization of
mass production facilities are essential to realize their practical use.

On the other hand, general-purpose impedance measurement devices such as a lock-in
amplifier, a frequency or network analyzer, and LCR meters are being used for the impedance

measurement, but they require a lot of space and are difficult to control. 2713715 Recently, many
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high-performance USB oscilloscopes, which usually have a built-in function generator, making
them suitable for the impedance measurement of biological samples, have been developed.
Most of them provide software development kits for the computing platform, so if they are
combined with a single-board computer (SBC), space and cost can be reduced significantly. In
addition, recently launched SBCs are flexible in their networking capabilities, making it easy to
implement systems in an Internet-of-things (IoT) form.(1617)

When the apparatus for measuring the concentration of a biochemical reagent is
implemented in IoT form, various advantages other than the basic benefits of the IoT apparatus
can be obtained. Using the web-based user interface, one can perform system control and
monitoring without standard input/output devices such as the monitor or keyboard/mouse, so
space for input/output devices can be reduced. It also has the advantage of enabling monitoring
and discussion of experimental situations with colleagues anytime, anywhere using Internet-
connected standard computing devices such as personal computers or smart devices.'¥

In this paper, we propose a reagent impedance measurement system in Iol form, and
investigate the structure of electrodes that are connected to the proposed system and provide
stable measurement. Wells for reagent containment and electrodes were constructed using
printed circuit boards (PCBs), copper tapes, plastic tapes, and films produced in well-developed
mass production facilities. To compare the various electrodes, the coefficient of variation
(CV) was obtained by repeatedly measuring the impedance of a saline solution at various
concentrations. Experimental results showed that the copper tape electrode enables the stable
measurement of the impedance of the saline solution.

2. Materials and Methods

Figure 1 shows the IoT-type biochemical reagent measurement system proposed in this
paper. The sine wave generated from the function generator of the USB oscilloscope (Analog
Discovery 2, Digilent, USA) adopted in this system is applied to the electrode through the
amplifier. The impedance of the solution exposed to the electrodes can be determined from
the applied voltage (chA), the amplifier output (chB), and the reference resistance R measured
by the oscilloscope. In the inverting amplifier structure shown in the figure, the gain of the
amplifier is easily obtained because it is expressed by the ratio of the reference resistance
to the solution impedance. The oscilloscope is connected to the SBC and controlled by the
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Fig. 1. (Color online) Proposed system.
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Fig. 2. (Color online) Example of connection example for one of the PCB electrode pairs.

Python program, which is written with the software development kit provided by the USB
oscilloscope supplier. The SBC has the Jupyter notebook server that can be accessed through
any smart device connected to the Internet. The user can access the Python control program
via the server. Figure 2 shows an example of a connection between the oscilloscope and one of
the electrode pairs of the PCB with 5 electrode pairs. When forming a pair of electrodes with
copper tape, we made only a pair of electrodes because we had to make all the holes and tapes
manually.

In this experiment, a 10 kHz, 1 V peak-to-peak sine wave is generated and applied to the
electrode through a resistance of 100 kQ. Five identical electrodes were made on a PCB to
measure the interdigitated electrode variation in the case of the PCB electrode. The oscilloscope
adopted in this study provides a +5 V power supply in addition to the function generator,
which is used to generate the bias voltages of the amplifier. The PCB electrodes tested in this
work were of four kinds with interdigitated electrodes with 1 to 4 fingers and only one pair of
electrodes was constructed using copper tapes. However, in the case of PCB electrodes, it is
advantageous for the electrodes to be small in order to minimize the amount of reagent to be
measured and to reduce the fluctuation in the experiment. Therefore, only 1-finger electrodes
were selected and tested. Figure 3 is a photograph of the 1-finger electrode PCB used in the
experiment. To accurately measure a small amount of solution, the shape of the well is critical
rather than the structure of the electrode. Therefore, wells were constructed using various tapes
and films. Among them, the results for two types of wells showing meaningful results are
presented in this paper along with the cases without a well. In this paper, we show experimental
results for four types of electrode configurations as a whole; three of them have various wells
on the electrode PCB and the fourth is the copper tape electrode pair. The three types of PCB
electrodes were those without wells, those with holes and polycarbonate film, and those with
holes and a box tape. Five concentrations of saline solution, i.e., 10, 5, 2.5, 1.25, and 0.625
mg/ml, were prepared for comparing the various electrodes.

First, the PCB electrode pairs without wells were tested. One microliter of the prepared
solution was applied dropwise to uniformly cover each electrode pair on the PCB. After
confirming under a microscope that the reagent uniformly covered the electrode pair,
impedance was measured using the proposed impedance measurement system. This procedure



248 Sensors and Materials, Vol. 31, No. 2 (2019)

Fig.3. (Color online) 1-finger interdigitated Fig. 4. (Color online) Electrode with polycarbonate
electrode PCB. tape with wells.

was repeated 10 times at all concentrations of reagent. This method can result in imprecise
impedance measurements because the location where the reagent dropped on the electrode is
irregular and the reagent is unevenly distributed.

To prevent an uneven drop, we prepared holes as the wells in the polycarbonate film, as
shown in Fig. 4, by attaching a double-sided tape to a 500-um-thick polycarbonate film and
then drilling holes of 2 mm diameter to match the positions of the electrodes on the PCB chip.
When a film or tape with wells was attached, the reagent could leak between the tape and the
PCB. Therefore, after attaching the tape with wells to the chip, the chip was laminated at a
temperature of 60 °C for 1 s using a laminator (ProLami DCL-3306D, Copierland, Korea). The
completed PCB chip was tested by the first method. In this case, the amount of reagent and
the area of the reagent contacting the PCB chip were the same, so that the impedance could be
measured uniformly. However, air bubbles generated when dropping the reagent into the wells
interfered with the contact between the electrode and the reagent, resulting in a large error.
Also, we found that, as the experiment was repeated, the reagent leaked and the measured
impedance tended to become higher. To prevent this, we increased the number of laminations,
but it did not help.

A third configuration was tried to solve this problem. The material of the chamber was
changed from polycarbonate to a 65 um oriented polypropylene (OPP) tape (Fig. 5). Holes of 2
mm diameter were drilled on the tape to align the positions of electrodes on the PCB chip. With
the OPP tape, the height of the wells was very small compared with the amount of reagent, so
the generation of air bubbles was minimized. However, similar to the second configuration, the
more the experiment was repeated, the more the reagent leaked between the PCB chip and the
tape.

When the entire electrode is made of metal, its hydrophilic nature attracts the reagent to the
entire electrode. This property can help even application of the reagent over the electrode. To
take advantage of this property, electrodes were made using copper tape, as shown in Fig. 6.
After attaching a double-sided tape to a copper tape, a hole of 2 mm diameter was drilled and
this tape was attached to a nonperforated copper tape. Then, lamination was performed with the
same settings as before. In this way, the electrode and the well were realized simultaneously.
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Fig. 5. (Color online) Electrode with OPP tape with Fig. 6. (Color online) Electrode constructed using
wells. copper tape.
3. Result

To compare the accuracies of the methods, we measured the concentration of each reagent 10
times and then compared the CVs. Table 1 shows the results of the PCB electrode test without
wells. The electrode pairs are numbered sequentially from the left in Fig. 3. Since no well was
constructed on the electrode, the reagent often did not cover the electrode uniformly (Fig. 7),
and the measured impedance varied greatly from 5.1 to 24.8%.

To compensate for the above disadvantages, a 500-um-thick polycarbonate tape with
wells was constructed with the expectation that the reagent would be evenly distributed on
the electrode pair. However, since the height of the well was greater than the height of the
reagent, air bubbles were easily formed on the electrode when the reagent was dropped (Fig. 8).
Therefore, the CVs were smaller than those on the electrode without a well, but not satisfactory
(2-117.9%). This problem was not resolved by increasing the amount of reagent to 2 pl. Table 2
shows the CV for the PCB electrode test using the polycarbonate tape with wells.

Even when OPP was used for forming the well, it was difficult to drop the reagent evenly
as in the case of the well-free structure, so the CV of the measured impedance was higher than
that in the case of the polycarbonate tape with wells. Therefore, the CV results of the OPP well
experiment were not included in this paper. Figure 9 shows an example of an irregular drop
over the OPP tape with wells.

In the case of a copper tape electrode, the reagent could be uniformly applied to the electrode
pair owing to the hydrophilicity of the metal. Since this structure showed highly satisfactory
results, we tested whether the same performance could be obtained over several days. Table
3 shows the CVs of the electrode test using the copper tape electrode for 3 days. The second
experiment was carried out the day after the first experiment, and the third experiment was
carried out three days after the second experiment. Measurements were very stable in the
first two experiments (CVs less than 2.8%). However, in the third trial, the CVs increased
on average. Microscopy examination showed that there were parts that were lifted under the
double-sided tape as a result of repeatedly wiping off the reagent. The results showed that
the proposed copper tape electrodes can reliably measure the impedance of the reagent if this
problem can be resolved or the device is used as a disposable one.
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Table 1

Coefficients of variation of measured impedance for the structure without a well (%).

Electrode pair ID 1 2 3 4 5

0.625 mg/ml 5.1 6 8.3 73 7.7

1.25 mg/ml 49 10.8 13.1 9.6 8.3

2.5 mg/ml 154 8.6 11.6 13.2 114

5 mg/ml 17.1 21.6 19.4 24.8 13

10 mg/ml 7.5 12.1 9 9.3 15.7

Fig. 7. Uneven drop for no-well construction. Fig. 8.  Air bubbles in the polycarbonate well.

Table 2
Coefficients of variation of measured impedance for the structure with the polycarbonate tape with wells (%).
Electrode pair ID 1 2 3 4 5

0.625 mg/ml 7.7 10.2 10.2 33 4.1

1.25 mg/ml 9.2 7.1 117.9 2 1.3

2.5 mg/ml 10.6 7.3 15.8 29 9.2

5 mg/ml 8.5 9.3 8.6 7.6 2.7

10 mg/ml 5.6 5.5 4.7 4.9 10.1

Table 3

Coeflicients of variation of copper electrode.
Measurement day Ist 2nd 3rd
0.625 mg/ml 2.8 1.2 11.8
1.25 mg/ml 1.5 0.9 1.3
2.5 mg/ml 2.4 2.1 1.9
5 mg/ml 1.8 1.5 26.7
10 mg/ml 1.1 1.4 43

Fig. 9.  Uneven drop on the OPP well.

4. Conclusions

In this paper, we proposed an loT-type reagent measurement system and investigated
electrodes that can be connected to this system to measure the impedance of a reagent stably.
The analog front end was configured with a USB oscilloscope and a simple amplifier and
controlled by a SBC with a built-in Jupyter notebook server. The proposed system can be
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controlled and observed using any smart device connected to the Internet. Among the various
electrodes investigated in this paper, the proposed copper tape electrode stably measured
impedance with CVs of less than 2.8%.
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