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We propose a label-free system that estimated the concentration of DNA droplets in
sub-microliter volume based on the impedance measurement method. A USB oscilloscope
with a built-in function generator was employed to reduce the system size instead of existing
lock-in amplifiers or network analyzers. An electrode pair was fabricated with patterns on a
printed circuit board (PCB). To minimize the measurement variation of the impedance between
experiments, the electrode was made hydrophilic and the periphery of the electrode was
blocked with a hydrophobic substance to prevent the droplet from spreading. For this purpose,
the hydrophilicities of gold, tin, and silver coatings available in the PCB fabrication process
and the hydrophobicities of various materials were investigated to select the most hydrophilic
material to be used for the electrode coating. The proposed system was evaluated with various
concentrations of saline solution and Chlamydia trachomatis DNA. Multiple measurements for
a day experiment were performed for several days to investigate the precision of the proposed
system. The measurement coefficient of variation (CV) of the proposed system was less than 3.7%
for saline solution and 1.8% for DNA solution, showing that the proposed system is sufficiently
precise.

1. Introduction

While most biosensors that detect biomolecules use fluorescent labeling techniques for
sensitive and specific detection, the label-free technology offers advantages such as the
simplification of analysis procedures and the reusability of samples.! "'V Label-free methods
using the electrical properties of biochemicals are very promising biosensing methods because
the detection limit is very low and the completion time is relatively short.¢1%12)
applications are electrochemical impedance spectroscopy (EIS), which measures impedance
changes according to the concentration or amount of biochemicals, and electric cell-substrate
impedance spectroscopy (ECIS), which is used to estimate micromotions and responses to

drugs in cells or to evaluate the barrier function of cancer or stem cells.**!32 On the other
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hand, ECIS can be regarded as a kind of EIS by using the phenomenon that the impedance
between electrodes increases with cell mobility.

All of these electrical sensors require electrodes, and most are built on complementary
metal-oxide-semiconductor (CMOS), glass, and plastic substrates.>1316:2022-26) - However,
the lack of stable facilities for the production of these electrodes hinders the practical use of
impedance sensing. In most studies, lock-in amplifiers, frequency and network analyzers, and
LCR meters are used as impedance analyzers, but they take up much space and are difficult
to control. This problem also prevents the wide use of impedance sensing methods.*+6:3:12:27)
A variety of high-performance USB oscilloscopes with built-in function generators can be an
alternative to space-saving equipment.

To minimize the amount of the DNA sample loaded on the electrode for impedance
measurement, it is advantageous to make the target sample into a droplet form of sub-microliter
volume. However, if the shape of the droplet formed on the electrode is not uniform, the
impedance change measured per experiment may be large. Therefore, for a stable impedance
measurement, the shape of the droplet that forms on the electrode should be constant each time.
We have reported properties for electrodes of various materials and shapes.(zg) Through this
study, it was found that it is important to make the electrode hydrophilic and make the periphery
of the electrode hydrophobic so that the droplet always has a constant shape.

In this paper, we propose a system to measure the concentration of DNA droplets in
sub-microliter volume using a compact USB oscilloscope and an electrode fabricated by a stable
printed circuit board (PCB) manufacturing method. To construct the hydrophilic electrode
with the hydrophobic periphery, the degree of hydrophilicity or hydrophobicity of the materials
available in the PCB manufacturing process was investigated. Because the PCB manufacturing
material was not sufficiently hydrophobic, various tapes were also tested to construct
hydrophobic peripheries.

The proposed system was verified using various concentrations of saline and DNA solutions.
Experimental and daily fluctuations of the proposed system were investigated by repeated
measurements over several days. Experimental results show that the proposed system is
sufficiently precise for measuring the concentration of DNA droplets.

2. Materials and Methods
2.1 Overall system

Figure 1 shows the biochemical reagent measurement system proposed in this paper. The
sine wave voltage generated by the function generator of the USB oscilloscope (Analog
Discovery 2, Digilent, USA) adopted in this system is converted into current by the input
resistance R of the inverting amplifier and flows to the electrode connected to the feedback.
The impedance of the solution exposed to the electrode can be determined from the applied
voltage (chA) measured using the oscilloscope and the output (chB) of the amplifier and the
reference resistance R. The oscilloscope is connected to the PC via a USB interface and
controlled by a Python program developed using a software development kit provided by a USB
oscilloscope vendor to sample the input and output voltages of the amplifier.
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Fig. 1. (Color online) Overall system block diagram.

In the inverting amplifier structure shown in Fig. 1, the gain of the amplifier is easily
obtained because it is expressed as the ratio of the reference resistance to the solution
impedance. That is, the ratio of the output voltage of the amplifier to the voltage applied to
the amplifier, that is, the complex gain, is multiplied by the reference resistance to obtain
the impedance of the solution. The complex gain can be obtained from the two discretized
trigonometric functions after the acquisition of the input and output voltages. The complex gain
can be calculated by a lock-in detection method and fitting each sine wave. The fitting method
has a disadvantage in that the amount of calculation is larger than that in the lock-in detection
method generally used, but it is reported that the fitting method is stable when the amount of
noise is more than a certain amount.?*’ Therefore, the fitting method is applied in this paper.

Figure 2 shows the details of connections of the amplifier and electrode. Since the
impedance range of the target solution varies depending on the application, various reference
resistances were prepared to broaden the application range. One of the eight reference resistors
can be selected by setting the general-purpose output ports of the USB oscilloscope, which
are connected to the selection pins of the analog multiplexer. The capacitor ‘Cs’, which is
connected in parallel with the electrode, is necessary to stabilize the amplifier and essential for
high-precision operational amplifiers.

Figure 3 shows the graphical user interface of the measurement system. The edit boxes
labeled ‘Freq’ and ‘Ref” are used to enter the frequency and reference resistance values used in
the measurement. After loading the sample on the electrode and pressing the ‘measure’ button,
the real, imaginary, and absolute values of the measured impedance will appear in the edit
boxes labeled ‘real’, ‘imag’, and ‘abs’, respectively. The ‘graph’ button shows the obtained sine
functions to verify that there is no problem with the system.

2.2 Fabrication of electrodes

The shape of the droplets loaded onto the electrodes should be consistent for a stable
impedance measurement. The hydrophilic surface and hydrophobic periphery of the electrode
guaranteed this when the loaded reagent amount was consistent. Since the electrodes were
fabricated by the stabilized PCB process, various materials for the surface and periphery were
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Fig. 2. (Color online) Detailed diagram of the inverting amplifier and electrode.
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Fig. 3. (Color online) Graphical user interface.

tested first among the materials used in the PCB process. Gold, silver, and tin coatings were
investigated in terms of their suitability to hydrophilic surfaces, and PCB substrates and solder
masks were tested for the hydrophobic periphery. The shape of the droplets formed on the
surface of each material was examined and qualitatively analyzed. Figure 4 shows the shape
of the droplets on various surfaces. Three photographs from the left show the shapes of the
droplets on the hydrophilic surfaces. The droplet on the gold coating was the most widespread
as shown in the leftmost picture in Fig. 4. Therefore, in this study, electrodes were coated with
gold. A PCB substrate or a solder mask could be used as a hydrophobic material to prevent the
droplet from spreading. The right two figures in Fig. 4 are the results, and it can be seen that
the droplet is more agglomerated on the PCB substrate surface than on the solder mask. In
other words, the PCB substrate surface is more hydrophobic than the solder mask.

The PCB electrodes shown in Fig. 5 were fabricated using these materials to prevent the
spreading of droplets. Figure 5(a) shows a structure that prevents spreading with the solder
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Fig. 4. (Color online) Droplets on various surfaces (from left: gold, tin, silver, solder mask, and PCB substrate).
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Fig. 5. (Color online) Structure of electrodes to prevent spreading of droplets using PCB process materials.

mask, and Fig. 5(b) shows a structure that prevents spreading with the PCB substrate. Note that
the solder mask is located above the electrode and that the PCB substrate is below the electrode.
Experimental results showed that the solder mask was insufficient to prevent spreading and that
the droplet on the PCB substrate randomly flew down because the substrate was lower than
the electrode. As a result, neither of these methods reliably prevented the spread of the droplet.
Therefore, the solder mask was opened to expose all the areas of the electrode, and the degree
of spread of the droplet was observed by attaching various tapes punched with 2 mm holes,
and the measurement variations were examined. As a result, the easily available electrical
insulating tape and waterproof bandage showed the best performance. In this study, a relatively
inexpensive electrical insulating tape was used. Figure 6 shows the implementation of the
electrode and analog front end.

2.3 Experiments

In this paper, we used saline solution to verify the performance of the proposed system.
To measure the impedance of each reagent concentration, saline was prepared at five
concentrations, namely, 0.625, 1.25, 2.5, 5, and 10 mg/ml. Before loading the droplets, the
electrode surface was cleaned with tissue (Kimwipes, Yuhan-Kimberly, Korea). In one
experiment, the concentration of each reagent was measured ten times to investigate the
experimental variation. This experimental process was repeated once daily for 8 days to
estimate the daily variation of the measured values.
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Fig. 6. (Color online) Implementation of the proposed system.

We verified the ability to measure DNA concentration using Chlamydia trachomatis (CT)
DNA. Similar to saline solutions, DNA solutions were also prepared for five concentrations,
namely, 2.5, 5, 10, 25, and 50 ng/ul. As the saline test results showed that the experimental
variance was very small, measurements were performed five times for each concentration in the
DNA experiment. The experiment was repeated for four days to estimate daily fluctuation. In
all experiments, the reference resistance was 64 kQ and the stimulation frequency was fixed at
100 kHz.

3. Result and Discussion

Figure 7 shows the distilled water (DW) droplet dropped three times and then photographed.
Unlike the electrodes constructed in our previous study, the shape of the droplet was very
constant.?®

Table 1 shows the coefficient of variation (CV) of the impedances of the saline solution
measured 10 times in each experiment. The CV of all experiments was less than 3.7% and
was found to be very stable. Table 2 shows the daily variation of the mean value for each
concentration and is shown as a graph in Fig. 8. When the saline concentration was low and
the impedance was large, the CV was relatively small. However, it was found that the smaller
the impedance, the larger the CV. These results imply that it is important to determine the
reference resistance to suit the impedance range of the reagent depending on the application.
However, the very small CV in the same day experiment means that calibration can reduce the
measurement error by as much as the experimental variation shown in Table 1. In other words,
it means that error can be reduced by performing the measurement after calibration using a
reference reagent. Also, since the impedance and concentration are in a very linear relationship
as shown in Fig. 8, the two-point calibration alone will be enough for the concentration
estimation of the saline solution.

Overall, the CV of CT DNA was lower than that in the case of saline, as shown in Table 3
(maximum 1.8% vs 3.7%). This result was inferred to be due to the impedance of the DNA
solution being larger than that of the saline solution (1.3-14.8 kQ vs 0.3-2.2 kQ). However,
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Fig. 7. (Color online) DW droplets loaded on the proposed electrode consecutively.

Table 1
Experimental variation of CV of measurement for saline solution (%).

Concentration (mg/ml) Istday 2ndday 3rdday 6thday 8thday

0.625 0.9 1.0 1.0 0.7 0.7
1.2 1.9 0.8 1.2 2.0 1.0
2.5 2.1 3.7 1.9 22 1.2
5 1.3 1.4 0.5 1.5 22

10 1.1 2.3 2.7 3.2 2.1

Table 2

Daily variation of average impedance of saline solution (kQ).

Concentration (mg/ml) Istday 2ndday 3rdday 6thday 8thday Mean SD CV (%)
0.625 2.1 2.1 2.0 2.2 2.1 2.1 0.07 32
1.2 1.2 1.2 1.1 1.2 1.2 1.2 0.04 3.6
2.5 0.8 0.8 0.7 0.8 0.8 0.8 0.06 7.1
5 0.5 0.5 0.4 0.6 0.5 0.5 0.06 10.8

10 0.4 0.3 0.3 0.3 0.4 0.3 0.05 14.1
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Fig. 8.  (Color online) Relationship between concentration and impedance of saline solution (data points of the
same color are the average of the measurements of the same day).

Table 3
Daily variation of CV of measurement for CT DNA (%).

Concentration (ng/ul) Istday 2ndday 3rdday 4thday

2.5 1.7 1.5 1.5 1.5
5 0.8 1.7 1.8 1.5
10 0.3 0.7 0.8 0.9
25 1.0 1.1 0.8 1.0

50 0.5 1.0 0.5 0.9
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Fig. 9. (Color online) Relationship between concentration and impedance of CT DNA (data points of the same
color are the average of the measurements of the same day).

Table 4
Daily variation of average impedance of CT DNA (kQ).
Concentration (ng/pl) Istday 2ndday 3rdday 4thday Mean SD CV (%)
2.5 14.8 14.4 13.5 133 14.0 0.74 53
5 10.2 9.4 9.4 8.9 9.5 0.55 5.8
10 6.1 6.1 5.9 5.9 6.0 0.10 1.7
25 2.5 2.5 24 24 2.4 0.05 2.0
50 1.3 1.3 1.3 1.3 1.3 0.03 2.2

since the CV of 3.7% was observed regardless of the solution, it was found that the proposed
system can accurately measure the impedance. In Fig. 9, the horizontal dashed line represents
the impedance of the DW droplet. When the concentration is high, that is, the impedance is
relatively small, the impedance changes linearly with the concentration (ref. tilted dashed line).
However, when the concentration gradually decreased, it converged to the DW impedance.
Therefore, it is advisable to use several nonlinear methods to predict the concentration of the
DNA solution. In the case of DNA, the daily variation of CV was relatively small (maximum 5.8%),
as shown in Table 4; therefore, it may be used without calibration according to the application.

4. Conclusions

In this paper, we proposed a compact DNA droplet concentration measurement system using
a USB oscilloscope and a PCB electrode. The introduction of the USB oscilloscope has greatly
reduced the size of the impedance measuring device. We also proposed an electrode capable
of stable loading of droplets. For this purpose, the best hydrophilic electrode was selected
from the PCB electrode coatings, and the droplets were prevented from spreading around by
attaching the hydrophobic tape with a hole onto the electrode. The shape of the droplet loaded
on the proposed electrode was very constant, and the variation of the measured impedance was
very small. Experimental and daily variations of saline and DNA solutions were investigated
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to verify the proposed system. The experimental results show that the proposed system can be
used for precision measurements of the reagent concentration.

The proposed system is a system for estimating the concentration by measuring the
impedance of a small amount of solution and is suitable for applications where the amount of
measurement reagent is critical. Also, it is advantageous when a portable device is needed,
because the system is compact and can be connected to a standard computing device through a
standard interface.
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