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In this paper, we propose an inexpensive and compact gel document system in an Internet-of-
Things (IoT) form employing recent open platforms. The proposed system adopts a smartphone
camera developed for an open platform and uses blue LEDs as the lighting device with a
recently commercialized light diffuser. The camera is controlled with the open IoT platform
to implement the system in the IoT form. Employing open platforms greatly reduces the cost
and size of the gel document system. The light diffusers are experimentally compared and the
diffuser that made the proposed system more compact is selected. The proposed system has
good characteristics of the IoT system such as low price, small installation space, and Internet
controllability.

1. Introduction

Nucleic acid electrophoresis is an analytical technique used to isolate DNA or RNA
fragments in terms of size and reactivity. It has become one of the most important technologies
in modern life science and has been widely used in analytical techniques in a variety of fields
such as molecular biology, genetics, microbiology, biochemistry, forensics, food science, and
botany.(lfg) The electrophoresis gel is visualized through a gel document system consisting
of a UV or blue light transilluminator and a camera.>*%9 It is desirable to use a blue light
transilluminator if possible, since UV light is not only harmful to the experimenter but also
causes DNA damage during analysis.®»10~19

Generally, a gel document system is usually large because it includes UV fluorescence
tubes, a darkroom, a high-performance camera for image capture, and a personal computer for
camera control.'>) Even with the blue transilluminator, there is still room for further reduction

in size because of the height required to achieve uniform light. This occupies much space in the
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laboratory, causing inconvenience to the user. Therefore, we propose a low-cost miniaturized
gel document system that solves space constraints by constructing the system in an Internet-
of-Things (IoT) form and employing open platforms. We adapted a blue transilluminator,
which is harmless to the human body and DNA, as mentioned above. The blue LEDs of
the transilluminator are semipermanent with an average lifetime of 50000 hours and much
cheaper and smaller than UV fluorescence tubes. Therefore, they also contribute to not only the
miniaturization of the gel document system but also cost reduction.

Until now, the digital single lens reflex (DSLR) camera has been the most cost-effective
imaging device for the gel documentation system. Web cams have been applied to reduce the
cost at the sacrifice of performance.(ls) However, cameras for smartphones have image quality
that has been rapidly improving owing to the rapid market growth, and are being continuously
released targeting open platform computers. As they usually are very compact and use optics
with small focal lengths, it is easy to create compact systems with them. Therefore, adopting an
open platform camera instead of a DSLR camera not only leads to low cost and high-quality gel
images but also makes it easy to miniaturize the system by reducing the shooting distance.

The diffuser, which is an integral part of the transilluminator, is also improving rapidly
in performance and cost owing to recent advances in LED display and lighting technology.
Smart devices that require more compact illumination tend to use LEDs with freeform lenses
instead of diffusers for homogeneous illumination, but it is not appropriate to apply them to bio-
instruments with a relatively small market size.

The next generation of computing is beyond the limits of traditional desktop computers.
Many sensing systems surrounding us in the IoT paradigm are embedded in the environment
invisibly in the form of a network. 16" As part of this trend, bio-instruments will also be
integrated into the environment and connected to the Internet. It is therefore desirable to be
able to reduce the size of the system and remotely control and monitor the system over the
Internet. The data generated by the bio-instruments will ultimately be linked and analyzed
in the cloud database. Visualization of data or analytical results is also performed on various
smart devices connected to the Internet. When a detection system is developed in the IoT
format, it is important to analyze and design a very different user interface from the existing
desktop environment.!” On the other hand, the open platform makes it easy to implement
the system in the IoT formmat, enabling the control and monitoring of the system anytime,
anywhere. Thus, by using an open platform and camera, we can implement the gel document
system in a compact, low-cost IoT format.®) In this work, we try to implement the gel document
system in the IoT form to meet the trend of the latest technology. A low-cost and compact
system comprising an open platform single-board computer and a smartphone camera for open
platforms is proposed. A method of selecting a diffuser for homogeneous illumination at the
smallest height, which is mandatory for compactness, is also presented.

2. Materials and Methods

Figure 1 shows the overall architecture of the proposed gel document system. The system
consists of a dark room, a camera, and a transilluminator, as in typical gel document systems.
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Fig. 1.  (Color online) Block diagram of the proposed gel documentation system.

One of the recently actively developed single-board computers (SBCs) can be used as the open
platform, as shown in Fig. 1. Typically, Raspberry Pi and its alternatives are a good choice.
Most of them provide a wired and wireless network interface, so they can be connected to the
network without any further components. A network file-sharing protocol can be used for a
user’s computer to seamlessly access the captured images on the SBC. As the liquid-crystal
display (LCD) in the figure is also available at low cost for open platforms, there are plenty of
choices. The LCD is usually connected to the open platform via a parallel or high-definition
multimedia interface (HDMI) and delivers live video and still captures from the camera through
the various graphical user interface (GUI) programs available as the open source. Therefore,
after the electrophoresis gel is placed on a protective sheet and the dark room is closed, the live
video of the gel is displayed on the LCD. When the shutter button on the GUI is pressed, the
gel image is stored in the open platform and is immediately available to the user’s computer.
Cameras developed for smartphones are providing low-light photography suitable for the gel
documentation system. Some of these cameras are available with a mobile industry processor
interface (MIPI) or a USB interface, so their adoption into the gel documentation system can
provide satisfactory performance. In this study, one of the Raspberry Pi SBCs was selected
as an open platform, and the LCD and camera were chosen from among those developed for
the platform. Selection criteria included cost and size as well as ease of development and
management.

As shown in Fig. 1, the blue transilluminator for exciting gel fluorescence consisted of a
LED board, a diffuser for uniform lighting, a blue excitation filter for improving the signal-to-
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noise ratio, and a protective film to protect it. On the LED board, 8 x 9 1500 mcd blue LEDs
were arranged at 7 mm intervals. As the excitation and emission filter, 3-mm-thick deep blue
(Acrylic #2424) and amber acrylic (Acrylic #2422) sheets were used. They increase the signal-
to-noise ratio by blocking light of around 500 nm where LED excitation and gel fluorescence
wavelengths overlap. In order to make the system compact, the height indicated by the arrow
‘H’ in Fig. 1 must be minimized as much as possible. The height from the protective sheet to
the camera was not a design parameter because it was determined to fit the maximum size of
gels in the field of view. In this work, we adopt the latest two diffusers considering price and
availability and compared them with the existing one. The two new diffusers and the existing
one are listed in Table 1

The images in Fig. 2 were for different distances between the ‘Existing’ diffuser and the
LEDs. The image on the right was taken when the distance was large. That is, the image
on the right was taken from a long distance. The LED patterns are visible in both cases, but
appear blurry when the distance is large. We compared the uniformity of the diffusers with
respect to the distance to select the diffuser. As the measure of uniformity, the difference
between the maximum and minimum brightness or the relative standard deviation of brightness
has been developed, but the characteristics of the periodic pattern can be clearly seen in the

autocorrelation image.(zofm)

Since the LEDs are periodically arranged, if a partial image
including one LED can be extracted, the ratio of the brightness of the brightest portion to that
of the surrounding dark portion of the partial image can be obtained and used as a measure of
uniformity. However, it is not easy to extract a partial image including only one LED, and it is

more difficult if the diffuseness level is high, as shown in the right image of Fig. 2. Therefore,

Table 1
Diffusers tested.

Existing Newl New?2
Product name Inventables, 23114-02 3M, 3635-70 LG, LDL90DF
Thickness of 1 sheet 220 pm 80 pm 125 pm
Total thickness 220 pm 140 um 230 pm

@ (b)

Fig. 2. (Color online) When the distance from the LED to the diffuser is (a) small (14 mm) and (b) large (existing
diffuser, 19 mm).
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the autocorrelation image is analyzed in this paper instead of the image intensity itself. If the
diffuser and the LEDs are farther apart, the periodic pattern disappears, as shown in the right
autocorrelation image in Fig. 3. In contrast, when the diffuser is close to the LEDs and the
diffusing performance worsens, the autocorrelation function will change more rapidly, as shown
in the left image in Fig. 3. In the simulation of a freeform lens, the intensity distribution could
be observed directly because there was no noise.?? However, to measure the uniformity in a
real image, it is advantageous to observe the expectation or the power of intensity considering
the effect of noise. The rate at which the brightness decreases from the peak to the periphery
in the LED image can be used as a uniformity measure.?? Likewise, how quickly the
autocorrelation decays from the center to the outside can be used as a measure of uniformity.
Therefore, the radius of the center portion is calculated from the sharp autocorrelation image
(left image in Fig. 3) of the LED pattern (left image in Fig. 2), and the average value along the
boundary of the circle was obtained. The ratio of the average value to the center value is used as
the uniformity measure. The radius of the center lobe was calculated from the average distance
from the center to the nearest valleys. The radius was the average distance divided by the
square root of 2. The ‘+” and ‘0’ symbols and the green circle in Fig. 4 show the autocorrelation
image center, the nearest valleys, and the boundary of the obtained lobe, respectively. The
uniformity measure 7 is represented as

Fig. 3. Autocorrelation images of the images shown in Fig. 2.

Fig. 4.  (Color online) Determination of position for uniformity measurement.
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SR (1)

~ R(0,0)

b

where R(*), n, and Y (*) are the autocorrelation function, the number of samples on the peripheral
circle, and the sum of the autocorrelation values on the samples. The more uniform the image,
the closer the uniformity » will approach unity.

3. Result

For the open platform SBC, the camera, and the display, we chose Raspberry Pi 3 B+,
Raspberry Pi Camera Module V2 (Table 2), and a 5-inch HDMI LCD with 800 % 640 pixel
resolution (Ntrex Co. Ltd., Korea), respectively. The SBC was connected to the Internet via
WiFi, enabling the user’s computer to access the SBC’s file system using the server message
block (SMB) protocol, which was one of the protocols for network file sharing. We used the
‘PyCam’ and ‘wxWidgets’ libraries to create a GUI with live view windows and shutter buttons,
which automatically appeared on the LCD screen after booting. As described in the previous
section, the user places an electrophoretic gel on a protective sheet, confirms it through the live
view, and then presses the shutter button to take a gel image.

To make the thickness of the diffusers similar, ‘Newl’ and ‘New2’ diffusers were each made
thicker by attaching 2 sheets. As a result, ‘Existing’, ‘Newl’, and ‘New?2’ were 220, 140, and
230 pm thick, respectively, as shown in the bottom row of Table 1. The new diffuser sheets
adopted in this study showed similar performances at much lower heights than the existing
ones. To compare their performances, LED light was photographed while changing the spacing
between the diffuser and the LED printed circuit boards (PCBs). Because LED light was
too bright, we assumed that the blue light exciting the fluorescence would scatter similarly
regardless of wavelength, and only the long tail portion of the excitation blue light wavelength
was photographed. To do this, an orange glass long-pass filter (# 45064, Edmund Optics Inc.,
NJ, USA) with a slightly shorter cutoff wavelength was used instead of the emission filter.

The image on the left in Fig. 5 is taken with the ‘New1’ diffuser 15.5 mm above the LED
PCB and the image on the right was taken with the ‘Existing’ diffuser 32 mm above the LED
PCB. The pattern of the LEDs was different between the two images, but it was unclear
whether or not their uniformities were similar. Their autocorrelation images are shown in Fig. 6.
The green circle in each image shows the sampling position of the surrounding autocorrelation

Table 2

Specifications of the Raspberry camera.

Feature Description

Product name Camera module V2
Manufacturer Raspberry Pi

Video mode 1080p30, 720p60, 640 x 480p60/90

Sensor resolution 3280 x 2464
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(@ (b)
Fig. 5. (Color online) LED images with (a) ‘New1’ diffuser and (b) ‘Existing’ one.

- .

Fig. 6.  (Color online) Autocorrelation images and the sampling positions of the images in Fig. 5.

for comparison with the center value in each image. The average autocorrelation along the
circle was divided by the center autocorrelation (marked ‘+°) to calculate the uniformity. Figure
7 shows the autocorrelation profiles along the green circles of the autocorrelation images. The
figure shows that the patterns of change are different, but the average values are similar.

Figure 8 shows the uniformity of each diffuser against the distance between the LED
PCB and the diffuser. The distance between the existing diffuser and the LED PCB and the
uniformity were 32 mm and 0.90, respectively. The uniformity of the existing diffuser was
denoted by the vertical line in Fig. 2. The ‘New?2’ diffuser exhibits a slightly lower performance
than the existing one, but the ‘Newl’ diffuser is compatible with the existing diffuser from
above 15.5 mm. These results suggest that the adoption of a modern diffuser could reduce the
height of the transilluminator to half or less.

Figure 9 shows gel images taken with ‘Newl’ (b) and ‘Existing’ diffuser (a). The images
were taken after electrophoresis with ladder and DNA amplicons loaded on an agarose gel
stained with ChamelGreen I nucleic acid gel stain (Dawinbio Inc., Korea). The first two and
last columns from the left side of each gel image show the DNA ladder and the rest show DNA
amplicons amplified sufficiently. Except for the mosaic pattern seen at the center of the image
taken using the ‘Existing’ diffuser, no flaw like the LED pattern was seen in either image. The
mosaic pattern was considered to be due to the liquid remaining on the gel. We concluded from
the qualitative evaluation by our team and bioengineers that the quality of both images was the
same. In other words, performance did not degrade when the height of the transilluminator was
reduced to half.
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Fig. 7. (Color online) Profiles of autocorrelations Fig. 8. (Color online) Uniformity versus distance
along the green circles in Fig. 6. between diffuser and LED.

(@) (b)
Fig. 9. (Color online) Gel images taken with (a) ‘Existing’ diffuser and (b) ‘New!’ diffuser.

4. Conclusions

In this paper, the loT-type gel document system was proposed. In the IoT format, the user
interface is via the network, so the system only needs to perform the original detection task.
Therefore, developing a system in this form will provide a compact and inexpensive system.
We proposed systems that match the new trends, applying open platforms, cameras for open
platforms, and new optical diffusers. We also suggested a way to compare the performance of
the new diffusers with the existing diffuser. As a result, the height of the transilluminator was
reduced to less than half when using a new diffuser.
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