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A microhole array structure combined with an enzyme immobilization method using magnetic beads can enhance the target discernment capability
of a multi neurotransmitter image sensor. Here we report the fabrication and evaluation of the H+-diﬀusion-preventing capability of the sensor with
the array structure. The structure with an SU-8 photoresist has holes with a size of 24.5 ' 31.6 µm2. Sensors were prepared with the array structure
of three diﬀerent heights: 0, 15, and 60 µm. When the sensor has the structure of 60 µm height, 48% reduced output voltage is measured at a
H+-sensitive null pixel that is located 75 µm from the acetylcholinesterase (AChE)-immobilized pixel, which is the starting point of H+ diﬀusion. The
suppressed H+ immigration is shown in a two-dimensional (2D) image in real time. The sensor parameters, such as height of the array structure
and measuring time, are optimized experimentally. The sensor is expected to eﬀectively distinguish various neurotransmitters in biological
samples. © 2018 The Japan Society of Applied Physics

1.

Introduction

In the human brain, over 85 billion neurons exist and
communicate via complex activities of molecules, involving
more than one hundred kinds of neurotransmitters. Complementary mechanisms of neurotransmitters have been discovered, and these ﬁndings are expected to contribute to a deeper
understanding of brain function and neurological disorders,
such as depression, dementia, and drug dependence.1–5)
These studies and the development of medicines require
eﬀective analysis equipment to quantify the biochemical
activities involved in neuronal communication. Several
analytical techniques have been developed, including the
use of microelectrodes6–8) and biosensors,9,10) liquid chromatography, capillary electrophoresis separations,11) two-photon
ﬂuorescence microscopy,12) liquid chromatography, and
high-resolution mass spectrometry.13) However, even though
neurons communicate through complex interactions of multi
neurotransmitters,14–16) most of the analytical techniques
focus on the detection of only one kind of neurotransmitter.
Current multi detection methods are inconvenient, because
they require nervous system tissue sampling methods or
preprocessing, such as the ﬂuorescent labeling of biomolecules.17) Therefore, to provide a more eﬃcient and comprehensive analysis method, we have been developed a bioimage sensor that can simultaneously detect the distribution
of various neurotransmitters in real-time.18) The bio-image
sensor which combines a pH sensor array and enzyme
immobilization, can monitor the spatiotemporal information
on multi neurotransmitters, such as adenosine 5A-triphosphate
(ATP) and acetylcholine chloride (ACh), simultaneously.
Additionally, a porous hydrogen ion (H+) diﬀusion-barrier
layer has been suggested to minimize the signal crosstalk
among H+ sensing pixels.19) While H+ diﬀusion was
eﬀectively prevented by the uncompleted chains and porous
structure of the barrier layer, it has been found that a thick
barrier layer can obstruct and delay the immigration of
neurotransmitters from RM to the pixel surface.
Therefore, in this study, we propose new type of image
sensor that is combined with a microhole array structure. The
structure reduces the signal crosstalk caused by the diﬀusion
of H+ without disturbing the immigration of neurotransmit-

ters. To fabricate a microhole array on the H+ image sensor
on the basis of a charge-coupled device technique,20) an SU-8
photoresist is considered to the most suitable material owing
to its biocompatibility and simple three-dimensional lithographic patterning process.21,22) To demonstrate the preventive capability of the proposed array structure, the distribution
of H+ and ACh is monitored using H+ image sensors with or
without the structure. ACh acts as a major neurotransmitter
in the human nervous system23,24) and is decomposed into
by-products and H+ by enzymatic reaction at acetylcholinesterase (AChE)-immobilized pixels. To ﬁx enzymes at the
selected pixels, AChE-coated magnetic beads are used.25,26)
Pixels without the beads work as null sensors that can detect
the diﬀused H+ from the enzyme-immobilized pixels. The
proposed sensor with the microhole array is expected to
facilitate the identiﬁcation of the origin of hydrogen ions
released from cellular samples or generated after enzymatic
reactions, as reported in our previous work.27)
2.

Experimental procedure

2.1 Fabrication of the microhole array structure on an
image sensor

The multi neurotransmitter image sensor consists of a
microhole array structure on a H+ image sensor of 128 ×
128 pixels, which has a 23-µm-pixel pitch and a sensitivity
of 32.8 mV=pH.20) The proposed microhole array structure
was constructed using SU-8 as the negative photosensitive
material (Nippon Kayaku) and a photolithography technique
with a mask aligner (SUSS Micro Tec MA6 BSA) by a
previously reported process.22) The hole size was 24.5 × 31.6
µm2, and sensors with the array structures of three diﬀerent
heights of 0, 15, and 60 µm were prepared. Since SU-8 is a
hydrophobic material, initially the solution cannot reach the
sensing area. Therefore, the SU-8 surface on the sensor was
modiﬁed to be hydrophilic by cleaning with a UV ozone
cleaner (samco UV-1) for 15 min at 110 °C in an O2 ﬂow of
0.75 L=min. The treatment generates C=O hydrophilic functional groups on the SU-8 surface.28)
2.2 Materials and measurements
To immobilize enzymes on the selected pixels, magnetic
beads (Dojindo Biotin Labeling Kit-NH2) coated with 0.2 µL
of AChE (10 U=µL, Sigma-Aldrich EC 3.1.1.7) were cast on
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to the sensor surface. They were then ﬁxed with a
neodymium magnet that was located at the backside of the
sensor, and dried at room temperature.
The H+ diﬀusion prevention ability of AChE-immobilized
sensors with or without the structure was demonstrated by
measuring the distribution changes of ACh (Sigma-Aldrich).
As the ﬁrst step of the measurement process, 90 µL of a
standard buﬀer solution (RM) containing 1 mM HEPESNaOH (pH 7.4) was cast on to the sensing area of the sensor.
Then, 10 µL of the ACh-containing RM was mixed into the
prepared RM using a micropipette. ACh solutions of various
concentrations were prepared and the measured ﬁnal
concentrations of the 10-fold dilution were 0.001, 0.01, 0.5,
0.1, and 1 mM. Reaction between AChE and ACh proceeds
as29)

(a)

(b)

AChE

ACh þ H2 O ! colin þ acetate ion þ Hþ
A KCl-saturated Ag=AgCl reference electrode (EC
FRONTIER) wass used for this measurement. The data of
the H+ concentration distribution were processed automatically with a computer measuring program, and presented in
the form of output voltages and using two-dimensional (2D)
images. The measured output voltage data are calculated to
obtain H+ concentration by the Nernst equation.30)
3.

(c)

Results and discussion

3.1

Microhole array structure
The key aspect of this study is the proposed microhole array
structure as an alternative to the H+ diﬀusion-barrier layer
reported in our previous work19) to enhance the sensitivity of
a multi neurotransmitter image sensor. Figure 1 schematically illustrates the diﬀerent diﬀusion pathways of ACh and
H+ before and after enzymatic reactions. Unlike the barrier
layers on the image sensor, the microhole array structure has
an open space on a sensing area and does not disturb the ACh
immigration from RM to the sensor surface. The fabricated
microhole array structure with SU-8 photoresist has a hole
size of 24.5 × 31.6 µm2 and a wall height of 60 µm; the wall
that can surround two pixels, as shown in Fig. 2.
3.2 ACh concentration dependence
Figure 3 shows the ACh concentration dependence of the
sensors with and without structures. ΔV is deﬁned as the
output voltage diﬀerence between the measured values before
and at 600 s after adding 1 mM ACh solution to RM. In this
result, ΔV was almost equivalent at any concentration, even
when there is a structure. The result suggests that the ACh
sensitivity of the sensor did not change regardless of the
existence of the structure.
3.3 Comparison of H+ diﬀusion preventing ability
To demonstrate the H+ diﬀusion prevention ability of the
proposed structure, image sensors with and without the
microhole array structure are compared. Figure 4 shows
optical images of the surface of the image sensors with AChE
immobilized by magnetic beads with and without the
structure. We conﬁrmed that the beads are ﬁxed only on
the sensor surface and not on the well structure. These two
kinds of sensors were used to measure the activity of 1 mM
ACh into 2D real-time images with 14 × 16 pixels. In Fig. 5,
the sensor with the structure shows an increased output
voltage only in the part where the AChE was immobilized on
the left side after adding 1 mM ACh solution. On the other

Fig. 1. (Color online) H+ diﬀusion characteristics on image sensors
(a) without any additional structure, (b) with barrier layers, and (c) with
microhole array structure.

Fig. 2. Cross-sectional SEM image of the microhole array structure of
SU-8 on the H+ image sensor.

hand, the sensor without the structure shows H+ diﬀusion to
the right side. These images provide us an intuitional insight
that the proposed structure suppresses H+ diﬀusion.
In Fig. 6, the measured time-dependent output voltage
changes at two pixels are compared according to the
existence of the microhole array structure. The black line
indicates the H+ value generated at the pixel-immobilized
AChE after the enzymatic reaction, whereas the red line is the
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(a)

Fig. 3. (Color online) ACh concentration dependence of the sensors with
and without the structures.

(b)

(b)

(a)

Fig. 4. (Color online) Optical images of the surface of the image sensor
with enzyme immobilized using magnetic beads (a) without the structure and
(b) with the structure.

(a)

Fig. 6. (Color online) Time-dependent changes in the output voltage
measured at enzyme-immobilized pixel and no enzyme pixel (a) without the
structure and (b) with the structure of 60 µm height.

(b)

Fig. 5. (Color online) 2D real-time images of 14 × 16 pixels after dropping 1 mM ACh (a) without the structure and (b) with the structure.

measured data at a pixel with no enzyme, which is 75 µm
away from the AChE-immobilized pixel to monitor the
diﬀused H+. The output voltage percentage diﬀerence
between an enzyme-immobilized pixel and a null pixel is
increased from 35 to 83% depending on the existence of the
structure on the sensor. It means that the signal crosstalk
caused by H+ diﬀusion is eﬀectively reduced by the proposed
microhole array structure. The other strength of this wall
structure is that it blocks H+, which would have diﬀused if
this structure was absent, thus there is no loss of sensitivity,
which is a disadvantage of the H+ diﬀusion barrier layer.
3.4 Optimization of the structure height
The microhole array structures of various heights were
prepared to optimize the fabrication parameter of the multi
neurotransmitter image sensor. Structures of 0, 15, and 60 µm

height were constructed on the sensors and the diﬀused H+
was measured at null pixels that were 75, 150, 225, and
300 µm away from the AChE-immobilized pixel presented as
a point at 0 µm in Fig. 7(a). As the structure height increased,
ΔV decreased. In particularl, there was almost no eﬀect of H+
diﬀusion on the pixels that are further than 150 µm, when the
sensor had a 60 µm height structure. We concluded that the
detection capability of the multi neurotransmitter image
sensor depends on the thickness of the proposed structure.
However, if this sensor is used to observe a nerve cell in our
future works, a short distance between the cell and the
sensing surface of the sensor might be necessary, owing to
the small amount of released neurotransmitters and the
relatively short spacing between cells. Figure 7(b) shows
the time when the output voltage started to change caused by
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(a)

after an enzymatic reaction. The sensor parameters, such as
the height of the structure and measurement time, were
optimized experimentally.
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(b)

Fig. 7. (Color online) (a) Output voltage and (b) the time of start of
reaction after dropping ACh solution as a function of the distance from
magnetic beads at three diﬀerent structure heights.

the diﬀused H+ that was detected after adding 1 mM ACh
solution. The starting points measured by the pixel at 75 µm
from the start of enzymatic reactions in the pixel did not
dramatically change depending on the thickness of the
structure. However, the time delay of the starting point was
observed at the pixel at 150 µm distance clearly. There was a
nearly two-fold time delay between the two sensors with 15
and 60 µm height structures. Therefore, in order to use the
sensor with the structure of 15 µm height without the eﬀect of
the diﬀused H+, the distribution of ACh should be detected
within 25 s after adding 1 mM ACh solution. On the Basis
of this result, it is expected that a lower structure can be used
by adjusting the measurement time or the spacing among
enzyme-immobilized pixels taking into consideration the
minimum eﬀect of the diﬀused H+.
4.

Conclusions

A microhole array structure was fabricated on an H+ image
sensor using an SU-8 photoresist and demonstrated its
detection capability for imaging multi neurotransmitters.
The hole size of the structure was 24.5 × 31.6 µm2 and three
diﬀerent structure heights of 0, 15, and 60 µm were prepared.
The eﬀectively reduced signal crosstalk was conﬁrmed from
the 2D images obtained and output voltages measured at the
pixels with AChE immobilized by magnetic beads and the
null pH sensor that detected the generated and diﬀused H+
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