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In this study, we modified a poly(toluidine blue O) (TBO) film on a Au electrode
by electropolymerization and investigated its electrical characteristics when used as
a potentiometric biosensor. The fundamental properties of poly-TBO films such as
immobilization density and thickness were clarified by atomic force microscopy (AFM) for
different electropolymerization times. The poly-TBO film electrode with a spikelike surface,
which was formed during electropolymerization, showed pH sensitivity (45.5 mV/pH) near
the Nernstian response when used as a potentiometric sensor. This behavior is assumed to
arise because the charge density at a spikelike film is higher than that at a smooth film. Thus,
a platform based on a potentiometric biosensor with a poly-TBO film electrode can be used
as a bioanalytical system to measure ionic behaviors that involve biomolecular recognition.
This will enable the measurement of negatively charged sulfated glycosaminoglycan (sGAG),
which is included in the extracellular matrix (ECM) generated from chondrocytes and is used
as an important indicator in the development of articular cartilage in the field of regenerative
medicine because of its electrostatic binding to positively charged TBO molecules.

1. Introduction

Chondrocytes have been studied in the field of regenerative medicine for the development
of articular cartilage, which has a limited capacity for self-recovery owing to its avascular
and anural nature.® A regenerative medical technique to transplant cultured autologous
chondrocytes has been developed, and many studies have been conducted to optimize
the conditions of culture scaffolds®™ and the effects of biochemical®'? and physical
stimulation*'® to improve the quality of cultured cartilage. Our group previously
demonstrated the use of a semiconductor-based potentiometric biosensor with a chondrocyte-
coupled gate electrode for monitoring the interfacial pH between cultured chondrocytes and the
gate electrode in real time following the addition of growth factors.!”)
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To evaluate regenerative chondrocytes, the generation of an extracellular matrix (ECM)
of, for example, collagen and proteoglycan is generally targeted. In particular, sulfated
glycosaminoglycan (sGAG), which is included in proteoglycan, is typically quantified
by staining tissues.'® In this case, toluidine blue O (TBO) is often utilized to stain the
tissue because it binds electrostatically to the negatively charged sGAG.13!”)

in the evaluation of stained tissues or cells, they are embedded in paraffin or destroyed in

However,

spectrometry. Such methods are invasive for tissues and cells and also time-consuming as
experimental procedures. In addition, the information obtained is analyzed at the end point of
biological phenomena and not measured in real time. Therefore, a novel method is required to
noninvasively monitor sSGAG in situ for the evaluation of living chondrocytes.

TBO acts as a receptor for sGAG on a sensor surface. The adsorption of negatively charged
sGAG on positively charged TBO is based on electrostatic interactions. That is, a change in the
molecular charge density of SGAG can be directly detected using TBO-modified potentiometric
sensors. As a method of modifying TBO on electrodes, electropolymerization can be easily
used for the direct polymerization of TBO on a conducting electrode [Fig. 1(@)].?? Over the
last few decades, various organic monomers have been coated on conducting substrates by
electropolymerization.?! 27

In this study, we modified a poly-TBO film on a Au electrode by electropolymerization
and investigated its electrical characteristics when used as a potentiometric biosensor. The
fundamental properties of poly-TBO films such as immobilization density and thickness were
examined for different electropolymerization times. In addition, the performance of a poly-
TBO film electrode as a potentiometric sensor was evaluated on the basis of pH sensitivity.
The knowledge obtained in this study should be applicable to the development of future sGAG
Sensors.
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Fig. 1. (a) Electropolymerization of TBO. (b) Redox reaction of poly-TBO.
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2. Experimental Methods
2.1  Preparation of poly-TBO-modified Au electrode

A Au electrode was prepared by sputtering. First, Cr (thickness 15 nm) was sputtered as an
adhesion layer, after which Au (thickness 100 nm) was sputtered. An 18-mm-diameter glass
ring was attached to the Au substrate using epoxy resin. The Au electrodes were cleaned by
piranha etching, then modified using TBO by electropolymerization in a solution containing 10
mM TBO and 1 M HCI at a constant potential of 0.85 V [vs Ag/AgCl (in saturated KCI)] for 1, 2,
4, 6, or 8 min. The Au electrodes modified by poly-TBO were washed by soaking in deionized
water overnight to remove nonspecifically adsorbed TBO molecules.

2.2 Cyclic voltammetry measurement of poly-TBO-modified Au electrodes

Cyclic voltammetry (CV) measurement was conducted on poly-TBO Au electrodes modified
by electropolymerization to evaluate the redox peak and immobilization density of TBO. A
poly-TBO-modified Au electrode was used as the working electrode. The reference and counter
electrodes were a Ag/AgCl electrode in saturated KCI and a platinum wire, respectively. The
cyclic potential was swept from 0.7 to —0.2 or —0.3 V (vs Ag/AgCl in saturated KCI) at 50 mV/s
in 1 M HCL

2.3 Evaluation of poly-TBO surface by atomic force microscopy (AFM)

A drop of resist reagent (OFPR800, Tokyo Ohka Kogyo Co., Ltd.) was placed on a slide
glass and heated on a hot plate (120 °C) to cure a circular region of the resist reagent. In
the same way as in Sect. 2.1, a Au/Cr thin film was coated on the slide glass with the cured
resist by sputtering. Then, the Au electrode was soaked in acetone to remove the Au/Cr
film on the resist. Thus, regions both with and without the sputtered Au/Cr thin film were
formed on the slide glass, and the thickness of the Au/Cr thin film on the slide glass plane
was measured by AFM. Additionally, poly-TBO films were modified on the Au electrode by
electropolymerization at a constant potential of 0.85 V (vs Ag/AgCl reference electrode) in a
solution containing 10 mM TBO and 1 M HCI for 1 or 6 min. The poly-TBO-modified Au
electrode was washed by soaking in deionized water overnight and then dried in a vacuum
desiccator overnight. The total thickness of the Au/Cr thin film and poly-TBO film was
measured by AFM, and then the thickness of the poly-TBO film was evaluated as the difference
between the total thickness and the thickness of the Au/Cr thin film. The AFM measurement
was carried out in the tapping mode.

2.4 Measurement of pH responsivity of poly-TBO-modified Au electrode

The surface potential of the poly-TBO film electropolymerized for 1 or 6 min was measured
using an electrometer. In this case, pH responsivity was examined in a stepwise manner at pH
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values of 8.1, 6.9, 5.7, 4.7, 3.8, and 2.5. Each buffer solution was adjusted using 0.1 M phosphate
buffer to obtain pH values of 8.1, 6.9, and 5.7, and using 0.1 M citrate buffer to obtain pH values
of 4.7, 3.8, and 2.5. A Ag/AgCl electrode in saturated KCI was used as the reference electrode.

3. Results and Discussion

3.1 Surface characteristics of poly-TBO film coated by electropolymerization

Figure 2 shows the cyclic voltammograms of the poly-TBO-modified electrodes
subjected to electropolymerization in 1 M HCI. The redox peak pairs of the poly-TBO film
electrodes changed from about 0.23 and 0.38 V to about 0.35 and 0.40 V with increasing
electropolymerization time. In particular, the redox peaks increased with increasing
electropolymerization time, but the CV curves hardly changed after electropolymerization for 6
min. Thus, the polymerization process of TBO films on the Au electrodes is expected to change
with the electropolymerization time and the modification of poly-TBO on the Au electrode by
electropolymerization was sufficiently completed at around 6 min.

Figure 3 shows the immobilization density of TBO on the Au electrodes calculated on the
basis of the CV curves shown in Fig. 2. The immobilization density D was calculated using

0

2FS”° M
where Q is the number of charges consumed by the redox reaction, F is the Faraday constant,
and S is the reaction area of the electrode. Q was calculated by integrating current with respect
to time. In this case, two electrons took part in the redox reaction for each unit of poly-TBO [Fig.
1(6).?? The density increased linearly with increasing electropolymerization time up to 6 min,
reaching 1.42 + 0.1 nmol/cm?, when it saturated.
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Fig. 2. (Color) Cyclic voltammograms of poly-TBO Fig. 3. Immobilization density of poly-TBO films
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The surface morphology and thickness of the poly-TBO films on the Au electrodes were
investigated by AFM as shown in Fig. 4. Figure 4(a) shows three-dimensional (3D) images
obtained from AFM measurements of the Au electrode surfaces, which were untreated or
modified by the electropolymerization of TBO for 1 or 6 min. These images showed two
regions of the glass substrate surface and the Au electrode surface treated or untreated by
electropolymerization, although the TBO polymer was not modified near the edge between
the glass substrate and the Au electrode. The roughness of the poly-TBO film gradually
increased with the electropolymerization time, and the poly-TBO film developed a spikelike
structure on the Au electrode. Corresponding to Fig. 4(a), the change in roughness during
the polymerization process can also be seen in the cross-sectional profile shown in Fig. 4(b).
In particular, the histograms of the height distribution for the unmodified and modified Au
electrode surfaces shown in Fig. 4(c) revealed that the polymerization process produced different
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Fig. 4. (Color) Surface morphology and thickness of poly-TBO films electropolymerized for 1 and 6 min
observed by AFM measurement. (a) 3D images of the Au electrode surfaces untreated and modified by the
electropolymerization (EP) of TBO for 1 and 6 min. The x-range is 30 um and the y-range is 1 um. (b) Cross-
sectional profile on the center line of y-range for each electrode. The basis of the height was defined as the height
at the start point of the glass surface in (b) and (c). These profiles showed the change in roughness during the
polymerization process. (c) Histograms of height distribution of the unmodified Au electrode and the Au electrodes
modified for 1 and 6 min shown in (a). Two peaks appeared for each Au electrode; the first peak (left) originated
from the glass substrate surface without the Au/Cr film and the second peak (right) originated from the Au/Cr film
surface.



2338 Sensors and Materials, Vol. 30, No. 10 (2018)

roughnesses. For the unmodified Au electrode, the peak frequency was very sharp; that is,
the Au surface obtained by sputtering was flat. On the other hand, the height distributions for
the Au electrodes covered with the poly-TBO film gradually became broad with increasing
electropolymerization time. This means that the poly-TBO film treated for 1 min was relatively
flat, but the film reacted for 6 min had a rough surface owing to the spikelike structure.
Moreover, the height with the peak frequency increased with increasing electropolymerization
time because the thickness of the poly-TBO film increased with the formation of the spikelike
structure. The heights of the poly-TBO films coated by electropolymerization were about 10 to
20 nm after 1 min of treatment and about 30 to 60 nm after 6 min of treatment.

3.2 Use of poly-TBO electrode as potentiometric biosensor

The poly-TBO films coated by electropolymerization for 1 and 6 min were focused on
to investigate the electrical properties of the modified electrodes; these films are hereafter
referred to as the 1 min and 6 min poly-TBO films, respectively. Figure 5 shows the change in
surface potential (AV,,,) at the poly-TBO-coated Au electrode as a function of pH. As shown
in Fig. 5(a), both poly-TBO films showed pH responsivity within the pH range of 8.1 to 2.5 at
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Fig. 5. (Color online) Change in surface potential (AV,,,) at the poly-TBO-coated Au electrode as a function of
pH. (a) Real-time monitoring of AV,,, for pH values between 8.1 and 2.5 using the poly-TBO-coated Au electrodes
subjected to EP for 1 (left graph) and 6 (right graph) min. (b) Calibration curve of AV, for different pH values on
the basis of the real-time measurements shown in (a).
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intervals of about 1 pH unit. However, a few differences were found between the 1 min and 6
min poly-TBO films: the potential drift was greater for the 1 min poly-TBO film than for the 6
min poly-TBO film; AV, for the 6 min poly-TBO film showed greater variation with pH than
that for the 1 min poly-TBO film; AV, for the 6 min poly-TBO film almost recovered when
pH was restored to its initial value of 8.1 in a stepwise manner, but such stable responses were
not obtained for the 1 min poly-TBO film. By considering the electrical measurements in real
time, pH sensitivity were evaluated to be 20.1 mV/pH for the 1 min poly-TBO film and 45.5
mV/pH for the 6 min poly-TBO film as shown in Fig. 5(b). Thus, the 6 min poly-TBO film
showed superior pH sensitivity to the 1 min poly-TBO film. This may be due to the difference
in surface morphology originating from the different electropolymerization times. That is,
the surface of the 6 min poly-TBO film had a spikelike structure, while that of the 1 min poly-
TBO film was relatively flat owing to the short polymerization time. As shown schematically
in Fig. 6, the charge density at a spikelike film is assumed to be higher than that at the smooth
film; therefore, AV,,; for the spikelike film was larger than that for the smooth film. In fact, the
monomer and dimer or oligomer of TBO include amino groups [Fig. 1(@)],?” which undergo an
equilibrium reaction with hydrogen ions; that is, TBO exhibits pH responsivity, which is why
the poly-TBO films showed pH responsivity. Additionally, the spikelike structure is considered
to have contributed to the improved pH responsivity and sensitivity. Basically, the pH response
of the oxide gate surface should be Nernstian when potentiometric sensors are used;(28’29) the
Nernstian response is calculated to be 59.1 mV/pH at 25 °C using

E=E0 230RT1 H+ , 2
+= g loglHT] @

AE =59.1-ApH, A3

where E is the standard electrode potential, R is the gas constant, T is the absolute temperature,
and n is the valence of the ion (n = 1 for ApH). In this study, a pH sensitivity of 45.5 mV/pH
was obtained for the spikelike poly-TBO film, which is near the Nernstian response. Thus, a
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Fig. 6.  (Color online) Schematic illustration of poly-TBO film surfaces obtained by EP for 1 and 6 min.
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platform based on a potentiometric biosensor with a poly-TBO film electrode can be used as a
bioanalytical system to measure ionic behaviors that involve biomolecular recognition events,
such as the TBO-sGAG interaction, as well as pH variations.

4. Conclusions

In this study, we investigated the fundamental properties of poly-TBO film electrodes for
use as potentiometric biosensors for SGAG sensing. Negatively charged sGAG molecules are
included in the ECM generated from chondrocytes and are used as an important indicator in
the development of articular cartilage in the field of regenerative medicine because of their
electrostatic binding to positively charged TBO molecules. We modified a poly-TBO film on a
Au electrode by electropolymerization and investigated its electrical characteristics to evaluate
its use as a potentiometric biosensor. The fundamental properties of poly-TBO films, such as
immobilization density and thickness, were clarified as functions of the electropolymerization
time by AFM. The poly-TBO film electrode with a spikelike surface that formed during
electropolymerization showed good pH sensitivity (45.5 mV/pH), which was near the Nernstian
response, indicating its suitability for use as a potentiometric sensor. This response is assumed
to arise because the charge density at a spikelike film was higher than that at a smooth film.
Thus, a platform based on a potentiometric biosensor with a poly-TBO film electrode can be
used as a bioanalytical system to measure ionic behaviors that involve biomolecular recognition.
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