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Recently, novel therapeutic research such as drug development and surgery are being conducted to elucidate
biological functions and diseases, focusing on the mechanism of disease by observing the dynamics of the
affected tissues and pathogens that cause the diseases. Since biological tissues are generally colorless and
transparent, they are stained with reagents and observed using a fluorescence microscope. However, this
microscope contains many optical components such as filters, mirrors, and lenses to observe only specific
fluorescence wavelengths. Therefore, the equipment is large and complex, making it difficult to introduce into
clinical sites and to handle easily. In recent years, studies have been conducted using small chips based on
semiconductor integration technology. Recent fluorescence imaging devices are fluorescence filters formed
directly on CMOS image sensors, which enable observation of only specific fluorescence wavelengths. The
thickness of the sensor has also been miniaturized, and image sensors that can be directly inserted into biological
tissues have been reported. However, the optical characteristics of the filter formed on the sensor are fixed, and it
is difficult to change the filter as in a fluorescence microscope.

In this study, we developed a novel CMOS image sensor to detect light intensity and wavelength information
spatio-temporally without optical filters. First, we verified the proposed principle, confirmed the actual operation,
and demonstrated the application using a single-element sensor. Next, we proposed a chip configuration
including pixel array and peripheral circuits from the viewpoint of device structure and circuitry for the
realization of a CMOS image sensor and fabricated the chip at our university. Finally, the imaging operation was
confirmed based on the light intensity and wavelength response characteristics. As an example of the application,
we succeeded in obtaining movies of the spatio-temporal light intensity and wavelength information using actual
fluorescent beads and pathogenic bacteria as targets.

The proposed filter-free wavelength sensor using the wavelength identification principle utilizes the fact that
light irradiated into silicon has different absorption characteristics for different wavelengths with respect to the
depth direction. A light-transmitting photogate is formed on the substrate to form a potential peak inside the
sensor. The light irradiated through the photogate as the sensing area generates photoelectrons inside the sensor,
which are separated into the surface side and the back side at the potential peak depth. Considering the absorption
characteristics of each wavelength, it is possible to identify the wavelength from the ratio of the current on the

surface side and the back side of the sensor caused by each photoelectron separated by the potential peak. We




simulated, designed, fabricated, and evaluated a single-pixel sensor based on the above principle. The proposed
principle enabled wavelength identification in the range of 440-1000 nm, and the wavelength identification
ability was confirmed to be 0.1 nm at the maximum. Subsequently, an on-chip microfluidic measurement system
was fabricated by integrating the sensor with a microfluidic channel using PDMS. Fluorescent beads with
wavelengths of 517 nm and 588 nm, which imitate biological tissue passing through the channel at 642 pm/sec,
were successfully identified using the current ratio (0.395, -0.090) between the front and back sides of the sensor.

We proposed a pixel structure that can be selected by row and column control for the realization of a CMOS
image sensor arrayed with this sensor, and verified it by readout simulation, including the evaluation circuit.

A CMOS image sensor chip with a pixel pitch of 450 um and 10 x 10 pixels was fabricated and evaluated at the
LSI factory. We then demonstrated imaging of light intensity and wavelength using fabricated CMOS image
sensor with multiple LED light sources. The wavelength variation of the fabricated CMOS image sensor was

5 nm at 30 fps. Next, we placed separate groups of fluorescent beads imitating actual cells or pathogenic bacteria
on the image sensor and obtained imaging results of light intensity and wavelength when excited with 470 nm. In
each bead region, the photocurrent was reduced to half due to absorption of the excitation light. The wavelength
of the center of gravity of the green and red beads shifted to 499 and 544 nm due to the emission of fluorescence.
We succeeded in demonstrating the imaging of spatio-temporal spectral change due to the emission of
fluorescence at each bead region.

We conducted application experiments using two types of actual living Legionella bacteria called Dumoffii
and Erythra. The whole bacteria were irradiated with 365 nm UV light on a newly fabricated 24 x 24 pixel
CMOS image sensor, and the spatiotemporal dynamics of the centroid wavelength and light intensity due to
autofluorescence of the bacteria were observed. After 30 minutes of UV irradiation, the centroid wavelength of
both bacteria shifted toward the longer wavelength side, especially Dumoffii shifted up to 20 nm after UV
irradiation. The fluorescence intensity of both bacteria decreased exponentially due to temporal fading. The initial
fluorescence intensity of Dumoffii was stronger than that of Erythra, but the fading rate of Dumoffii was faster
than that of Erythra. The results indicate that the fluorescent component of both bacteria was decomposed
dominantly in the shorter wavelength region. Thus, we demonstrated that the filter-free wavelength image sensor
can be used to analyze the spatiotemporal dynamics of bacteria that actually emit fluorescence and can be an

effective tool for elucidating bacterial behavior.
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