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20 ABSTRACT: Surface-coated poly(catecholamine) (pCA) films have attracted attention as biomaterial interfaces owing to their biocompati-
21 ble and physicochemical characteristics. In this paper, we report that pCA-film-coated electrodes are useful for potentiometric biosensing
22 devices. Four different types of pCA film—L-dopa, dopamine, norepinephrine, and epinephrine—with thicknesses in the range of 7-27 nm
23 were electropolymerized by oxidation on Au electrodes by using cyclic voltammetry. By using the pCA-film electrodes, the pH responsivities
24 were found to be 39.3 to 47.7 mV/pH within the pH range of 1.68 to 10.01 on the basis of the equilibrium reaction with hydrogen ions and
25 the functional groups of the pCAs. The pCA films suppressed nonspecific signals generated by other ions (Na*, K*, Ca**) and proteins such as
26 albumin. Thus, the pCA-film electrodes can be used in pH-sensitive and pH-selective biosensors. HeLa cells were cultivated on the surface of
27 the pCA-film electrodes to monitor cellular activities. The surface potential of the pCA-film electrodes changed markedly because of cellular
28 activity; therefore, the change in the hydrogen ion concentration around the cell/pCA-film interface could be monitored in real time. This
29 was caused by carbon dioxide or lactic acid that is generated by cellular respiration and dissolves in the culture medium, resulting in the
30 change of hydrogen concentration. pCA-film electrodes are suitable for use in biocompatible and pH-responsive biosensors, enabling the
31 more selective detection of biological phenomena.

32

33

34 Biomimetic materials have received considerable interest as syn- selectivity, and biocompatibility around a bio/sensor interface. A
35 thetic materials inspired by the structures, properties, or functions biologically coupled gate field-effect transistor (FET), a biosensor,
36 of natural materials and living matter. Marine mussels are well is based on a potentiometric method of directly detecting ionic
37 known for easily adhering to and covering wave-washed rocks by charges, which enables the simple analysis of biomolecular recogni-
38 secreting L-3,4-dihydroxyphenylalanine (L-dopa or LD).' Imitating tion events and cellular activities in a label-free and noninvasive
39 the adhesive behavior of mussels, catecholamines (CAs) such as manner.””"” The surface modification of the gate electrode im-
40 LD have been utilized for the surface modification of metal and proves the electrical properties of FET biosensors by forming func-
41 metal oxide substrates by a simple dip-coating method.>” tional interfaces on the gate surface, such as self-assembled mono-
42 CAs play an important role in the field of neurobiology as neuro- layers, oligonucleotide probes, and hydrogels."**' The gate elec-
43 transmitters and hormones. Each CAs was sequentially metabo- trode can be extended and separated from the gate of a metal-
44 lized by the conversion of tyrosine to biologically important deriva- oxide-semiconductor FET. Therefore, the device structure of the
45 tives, such as LD, dopamine (DA), norepinephrine (NE, also called extended-gate electrode makes it possible to easily modify func-
46 noradrenaline), and epinephrine (EP, also called adrenaline), by tional molecules on the gate electrode, whose materials can be se-
47 enzymatic reactions in the metabolic pathway. These derivative lected in accordance with its use. However, the effect of a pCA-film
48 CAs have similar chemical structures but different functional on the electrical signal has not yet been investigated for potentiom-
49 groups. Furthermore, CAs are polymerized by self-oxidation, form- etric biosensors.

50 ing indole moieties that act as monomers for self-polymerization.*’ In this study, we investigated the electrical properties of pCA-
51 The surface modification of poly-CAs (pCAs) renders substrate film electrodes for potentiometric biosensing by using a surface
52 surfaces with hydrophilicity, making it possible to graft functional potential detector. pCA films were polymerized by self-oxidation
53 chemicals using the Michael addition and Schiff base reaction.'’ As using cyclic voltammetry, and the changes in the surface potential
54 an example of pCAs application, it was reported about poly-NE of the electrodes caused by pH and in the presence of other cations
55 (pNE) fibers that were developed for a 2D tissue culture substrate and albumin were evaluated. Using the pH responsivities of the
56 and have been reported as a functional bio-interface for neuronal pCA-film electrodes, cellular activities such as respiration that re-
57 differentiation." sulted in a change in pH around the cell/pCA-film interface were
58 Bioinspired materials are required at the signal-transduction- monitored in real time.

59 interface of biosensors as they enhance the detection sensitivity,
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Experimental Section
Materials

LD, DA, NE, and EP were purchased from Tokyo Chemical In-
dustries (Japan). Tris hydroxy aminomethane and pH standard
solution from pH 1.68 to 10.01 were purchased from Wako Pure
Chemical Industries (Japan). Dulbecco’s Modified Eagle Medium
(DMEM, +10% FBS) for cell culture was purchased from Invitro-
gen (U.S.A.).

Fabrication of poly(catecholamine)-modified Au electrode

An Au electrode was fabricated by sputtering. First, Cr (thick-
ness 15 nm) was sputtered as an adhesion layer. Afterwards, the
gold electrode (thickness 100 nm) was sputtered. A 10-mm-
diameter glass ring was attached to the Au substrate by using epoxy
resin or poly(dimethylsiloxane). Au substrates were modified by
each type of pCA using electropolymerization. 500 L solutions of
25 mM LD and DA solution were prepared by dissolving them in a
Na-bubbled 100-mM Tris buffer (pH 10.4). NE was prepared using
the same buffer, and 2 yL of 2 mM HCI was then dissolved into the
prepared NE. Similarly, EP was prepared by dissolving 2 yL of 1 M
HCl into the buffer. Each CA was oxidized using cyclic voltamme-
try (ALS614E, BAS) with an AgCl electrode as a reference elec-
trode and platinum as a counter electrode. The Au electrode in
each CA solution was oxidized by sweeping the potential from —0.5
to +0.5 V at a scan rate of 0.02 V/s. The sweep was repeated for 30
cycles, after which the current saturated. After electropolymeriza-
tion, the Au electrode was washed with ethanol and dried in a vac-
uum. The static water contact angle was measured at the surface of
each pCA-modified Au electrode by using a CA-W automatic con-
tact-angle meter (Kyowa Interface Science Co., Ltd., Japan). 2 yL
drops of ultrapure water were placed on the surface of each pCA-
modified Au electrode at room temperature. The water droplets
were monitored with a charge-coupled device camera, and the cap-
tured images were analyzed using FAMAS software (Kyowa Inter-
face Science) to determine the static contact angle. The contact
angle was calculated as the average value from five images taken at
different positions.

Estimation of poly(catecholamine) thickness on the Au surface by
ellipsometric analysis

The thickness of each type of electropolymerized pCA was calcu-
lated by ellipsometric measurement using a rotating ellipsometer
(model M2000U, J.A. Woollam Co., Inc., U.S.A.) and WVASE32
software. The wavelength of incident light ranged between 193 and
1690 nm, and the angle of incidence was 65°, 70°, 75°, or 80°. To
calculate the layer thickness, the experimental data spectrum was
fitted using the Cauchy model, where the dispersion of the refrac-
tive index was approximated. The ellipsometric measurement was
performed three times for each type of pCA, and the thickness was
calculated as the average of the three measurements.

Change in surface potential of pCA-film electrodes using a surface
potential detector

Each type of pCA-modified Au electrode was connected to a sur-
face potential detector (SPD) by a crocodile clip, and the change in
each CA surface potential was measured with a real-time monitor-
ing system developed by Komatsu Electronics and PROVIGATE.
The SPD was constructed from a voltage follower circuit, which is a

noninverting amplifier circuit of a CMOS operational amplifier
(AD8609, Analog Devices, Japan) with the standard potential ad-
justed to 2.5 V using an AgCl electrode as a reference electrode.
The analog output signal was converted to a digital signal using
RAI-16 software (Elmos, Japan). A schematic illustration of the
pCA-modified SPD and its circuit is shown in Figure 1A and the
chemical structure of each pCA is shown in Figure 1B. To confirm
the response to hydrogen ions, the pH of the standard pH solution
was changed from 1.68 to 10.01 then returned to 1.68. To observe
the ion concentration dependence, 0.1, 1, 10, 100, and 1000 mM of
sodium chloride, potassium chloride, and calcium chloride solu-
tions were adjusted using 100 mM of HEPES buffer (pH 7.4) via
titration. Similar concentrations of sodium hydroxide and potassi-
um hydroxide were used in the respective cases wherein potassium
and calcium ion solutions and sodium ion solution were used. To
ascertain the effect of albumin and dopamine during real-time
monitoring, 500 uL of phosphate buffered saline (PBS, pH 7.4,
Invitrogen) buffer was poured into the glass ring of each pCA-
modified Au electrode. Then, S pL of either 100 or 500 mg/ml
albumin diluted with PBS buffer was added to examine the effect of
output voltage noise caused by the addition (the final concentra-
tion was 1 or S mg/ml, respectively). S uL of 100 nM to 100 uM of
dopamine diluted with PBS buffer was added in the same manner.

Measurement of cellular activity using pCA-film electrodes

To investigate cell sensing using the pCA-modified Au SPD,
HelLa cells were cultured on each pCA-modified Au electrode and
connected to the SPD using a platinum electrode as the reference
electrode at 37°C in an incubator system (ASTEC Co., Ltd., Japan)
containing 5% CO.. DMEM (+10% FBS, 100 U/mL of Penicillin,
and 100 pg/mL of Streptomycin) was used as the culture medium.
The cells were seeded on each 10 mm® electrode in 400 uL of the
culture medium at a concentration of approximately 1 x 10°
cells/ml. After incubation for 24 h to promote adhesion to the pCA
substrate and induce the proliferation phase, real-time monitoring
of the surface potential in each pCA-modified Au SPD was per-
formed in the incubator under conditions suitable for cell culture.
Considering the various factors that contribute to background
noise, such as nonspecific adsorption and small changes in the cul-
ture solution pH, the actual cell respiratory activity was evaluated
from the differences in the potential between the cell cultures with
cells, with fixed-cells, and without cells by using three identical
devices.

Results and Discussion

Fabrication of a thin layer pCA on Au electrodes using cyclic volt-
ammetry

To investigate the electrical properties of the pCA films, four dif-
ferent pCA films were deposited by electropolymerization on Au
electrodes using cyclic voltammetry. The Au electrodes were oxi-
dized by sweeping from —0.5 to +0.5 V in deoxidized alkaline solu-
tions, each including 25 mM of one of the four CAs. Figure 2 shows
the cyclic voltammograms for each CA. The voltage sweep was
repeated 30 times in the forward direction. As the swept voltage
increased, anodic current began to flow. Thus, in the first few sweep
cycles, a minimum current was observed at approximately +0.5 V
[ca. =5.0 x 10* A/cm? in LD (Fig. 2A), ca. -2.5 x 107 A/cm? in
DA (Fig. 2B), ca. 5.0 x 10* A/cm” in NE (Fig. 2C), and ca. 5.0 x
10* A/cm? in EP (Fig. 2D)], and another negative peak was ob-
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served at approximately +0.2 V [ca. —4.5 x 10™* A/cm” in LD (Fig.
2A), ca. —2.2 x 10" A/cm’ in DA (Fig. 2B), ca. —4.0 x 10* A/cm?
in NE (Fig. 2C), and ca. —-1.7 x 10* A/cm? in EP (Fig. 2D)]. As a
representative model of the pCA formation process, Scheme 1
shows a proposed mechanism for the oxidative polymerization of
DA. There are three steps in the oxidative polymerization of DA.
First, DA is oxidized to dopaminequinone. Next, §5,6-
dihydroxyindole is generated from leukodopamine chrome. Finally,
5,6-dihydroxyindole is oxidized, resulting in self-polymerization.””
* Two electrons are denoted to the Au electrode in each step. The
oxidative process can be conceptually regarded as two steps: (1)
the conversion to the indole moiety, and (2) the conversion to the
polymer. Thus, the distinctive features of the anodic current near
0.2 and 0.5 V reflect the oxidation process to the indole monomer
and the polymerization process, respectively. The polymerization
of the oxidized indole derivative was expected after the preparation
of the monomers. As the cycle number increased, the anodic cur-
rent decreased, until no further change was seen after 20 cycles,
suggesting that the concentration of CAs during film deposition
reached a saturated condition or that the thickness of the insulated
CA-films increased.

Characterization of pCA films on Au substrate

To evaluate the properties of the pCA films, their thicknesses
were calculated by fitting to the optical model using an ellipsometer
(Figure S1 in Supporting Information). The thicknesses were 7.1 £
0.4 nm in pLD, 23.1 + 1.4 nm in pDA, 26.5 * 1.3 nm in pNE, and
10.1 £ 0.3 nm in pEP. The pDA and pNE films were thicker than
the pLD and pEP films. This result can be explained using the cy-
clic voltammograms shown in Figure 2. In DA and NE, the anodic
current gradually reached approximately to zero at positive voltages
with increasing number of cycles, whereas the anodic current con-
tinued to flow in LD and EP even after 30 cycles. This means that
the deposition rates of the pCA films by the electropolymerization
process were different. This was due to the different chemical struc-
tures of the CAs. LD and EP have slightly longer molecular chains
than DA and NE, which may suppress the formation of the indole
moiety, i.e., the monomer for polymerization. Therefore, the chem-
ical structures of LD and EP were more difficult to convert to in-
dole derivatives than DA and NE, resulting in a delay of the
polymerization. In contrast, pCA films produced by self-oxidative
polymerization, which were incubated in an alkaline solution at
room temperature for 24 h, had greater thicknesses than those by
electropolymerization in the range of 50-70 nm, except for the pEP
film, which had a thickness of 20 nm (data not shown). It was pre-
viously reported that the thickness of a pDA film formed by self-
oxidation reached 50 nm after 24 h.! Consequently, pCA films can
be designed by controlling the oxidation time or the electrochemi-
cal conditions.

The surfaces of the electropolymerized pCA films were also
characterized by measuring the static water contact angle. The
static water contact angles for the pCA-film surfaces were 56.1° &
1.6° for pLD, 69.0° = 1.7° for pDA, 65.2° +2.7° for pNE, and 59.2° +
0.9° for pEP (Figure S2 in Supporting Information). The surface
modification of the Au electrodes by the pCA films contributed to
the enhanced hydrophilicity when compared with the nonmodified
Au surface, whose contact angle was 87.3°+0.7°.
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pH responsivity of pCA-film electrodes

The change in the surface potential (AVou) of the pCA films
with pH was investigated in a real time, as shown in Figure 3. The
potential response of each pCA-film surface was determined for a
reversible change in pH of between 1.68 and 10.01, using the cir-
cuit shown in Figure 1A. AV for the pCA-film electrodes gradual-
ly shifted in the negative direction when the pH was increased from
1.68 to 10.01, but it recovered in a stepwise manner to the original
value when the pH was decreased to its initial value of 1.68. Inter-
estingly, AVou for the pCA films continued to return to its original
value even after the biosensor device was immersed in solutions of
differing pH. The pEP-film electrode was an exception and did not
fully recover its initial AVou. Compared with other catecholamines,
the amino terminal group, which is responsible for the equilibrium
with the hydrogen ions, was capped by a methyl group in pEP.
Thus, the pEP-coated Au electrode was less sensitive to the pH
reaction. The pH responsiveness of pCA-film electrodes was stable
in a wide range of pH solutions and during long-term measure-
ments because of the strong adhesiveness of pCA to metals and
polymer chains via various adhesive mechanisms, such as 7t-7 stack-
ing, hydrogen bonding, cation-m, and electrostatic interactions.
From the pH responses shown in Figure 3A, the gradients of the
calibration curves of AVeu against pH were calculated to be 45.8
mV/pH (R? = 0.992) for pLD, 43.9 mV/pH (R* = 0.987) for pDA,
47.7 mV/pH (R* = 0.993) for pNE, and 39.3 mV/pH (R*> = 0.988)
for pEP, as shown in Figure 3B. Thus, the pH responsivities of the
pCA-film electrodes arose from the equilibrium reaction of hydro-
gen ions with the functional groups of the pCAs and were depend-
ent upon the chemical structure of pCAs. The following shows the
equilibrium reactions for the phenolic hydroxyl group (eq. 1), ami-
no group (eq. 2), and carboxyl group (eq. 3);

CsHs-OH 2 CsHs-O~ + HY (eq. 1),
-NH, + H" 2 NH;" (eq. 2),
COOH 2 -COO" +H* (eq.3).

Although the pCA-film electrodes resulted in pH responsivities,
AVou for the pEP film was typically not observed in alkaline solu-
tions. This means that the size of the signal shift may depend on the
type of functional group and level of pKa in the measurement solu-
tion. As can be seen from their chemical structures, the pLD and
the pNE films comprised not only diol and amino groups like the
pDA film but also other groups (carboxyl groups for the pLD film
or hydroxyl groups for the pNE film) that contributed to the inter-
action with hydrogen ions based on the equilibrium reactions.
Therefore, the pLD- and pNE-film electrodes produced larger elec-
trical signals than the pDA- and pEP-film electrodes. This contrib-
uted to the interaction with hydrogen ions and each functional
group at each pH. Thus, the pLD- and pNE-film electrodes pro-
duced larger electrical signals than the pDA- and the pEP-film elec-
trodes.

The effect of other ions on the electrical signals of the pCA-film
electrodes was investigated in salt solutions of NaCl, KCl, and
CaCl with concentrations in the range of 100 yM to 1 M at a con-
stant pH of 7.4. Figure 4 shows AVeu for various salt concentra-
tions. As shown in Figure 4A, AVou decreased slightly at approxi-
mately 5 mV/pNa* for the pLD-, pNE-, and pEP-film electrodes
and at approximately 10 mV/pNa* for the pDA-film electrode in a
range of NaCl concentrations from 10 mM to 1 M. No such chang-
es were observed at concentrations of less than 10 mM for any of
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the electrodes. Similarly, AVou barely varied with KCI concentra-
tion but decreased slightly at higher concentrations, as shown in
Figure 4B. Thus, the negative shift of AV indicates an increase in
the numbers of negative charges at the pCA-film surfaces. There-
fore, AV, at over 10 mM salt concentration in the NaCl and KCl
solutions is attributable to the increase in the amount of chloride
ions as counter anions, rather than an increase in the numbers of
cations.”” In contrast, AVou markedly increased upon the addition
of 1 M CaCl for the pCA-film electrodes. Specifically, AVou for the
pLD-film electrode showed a large shift of approximately 33 mV
(Figure 4C). This is because calcium ions were easily cross-linked
with two carboxyl groups, which are known to exhibit a strong in-
teraction owing to the chelate effect. Na*, K*, and Ca’* concentra-
tions are maintained at around 150, 5, and 10 mM, respectively, in
biological environments such as cell culture media and blood.
Thus, the pH responsivities of the pCA-film electrodes were suffi-
ciently large to eliminate the effect of changes in the Na*, K*, and
Ca™ concentrations on electrical signals, under biological condi-
tions.

To evaluate the effect of the pCA films on a nonspecific signal
caused by the nonspecific adsorption of impurities such as proteins
on Au electrodes, AVou of the pCA-film electrodes was monitored
by the addition of albumin and dopamine. It is well known that
albumin easily binds to an Au surface owing to thiol-Au binding
from cysteine residues of albumin.”? AV for the nonmodified
Au electrode markedly decreased by approximately 60 mV upon
the addition of 1 mg/ml of albumin and, subsequently, decreased
by over 100 mV upon the addition of S mg/ml of albumin. Con-
versely, the pCA-film electrodes barely exhibited any electrical
response even upon the addition of 5 mg/ml of albumin, although
AVou for the pNE-film electrode slightly shifted in the negative
direction (Figure S3 in Supporting Information). Moreover, the
pCA-film electrodes suppressed nonspecific signals upon the addi-
tion of small molecules, such as dopamine (Figure S3). Therefore,
the surface modification of Au surfaces by pCA films is expected to
contribute to the prevention of unexpected signals caused by impu-
rities in a biological sample. However, proteins may adhere to pCA
films (see the next section). Thus, the interaction of albumin with
Au surfaces may be prevented by the pCA films, meaning that the
surface modification would not suppress nonspecific adsorption
but only nonspecific signals. Finally, it was confirmed that the pCA
films were hydrogen-ion sensitive even in different redox potential
solutions, whereas the bare Au electrode responded to the changes
in redox potential (Figure S4 in Supporting Information). The
surface potentials of the pCA films did not respond to changes in
the redox potential; however, the surface potential of bare Au im-
proved in response to the redox potential.

Real-time monitoring of cellular activity by cell cultivation on pCA-
film electrodes

Cellular activities can be detected as a change in ion concentra-
tion around a cell/electrode interface using a potentiometric meth-
od. In this study, the pCA-film electrodes showed high selectivity
for pH detection, meaning that the pH variation due to cellular
functions, i.e., respiration, could be monitored by the pCA-film
electrodes. Cellular respiration in some living cells has previously
been observed, using potentiometric detection devices such as a
pH-responsive ion-sensitive FET (ISFET), as a change in pH.*
This is because pH variation is induced around a cell/gate interface
by the dissolution of carbon dioxide or lactic acid, caused by cellu-

lar metabolism.**** In this study, HeLa cells were cultivated on the
surface of each pCA film, and then AVou for the pCA-film elec-
trodes was monitored using the SPD in order to measure the
changes in pH from AViu calculation. HeLa cells were proliferated
from 1.7 x 10° cells/ml to 5.0 x 10° cells/ml during 24 h of the
measurement (Figure SA). Figure SB shows the images of HeLa
cellat 0 h (left) and 24 h (right) of measurement time, and the time
course for the change in the surface potential on each pCA film
with cells, with fixed cells, and without cells in DMEM with 10%
FBS over 24 h are shown in Figure 5C. AVou for the pCA-film elec-
trodes with cells clearly increased with the growth and proliferation
of the cultured cells, and then saturated within 24 h due to the con-
fluently cultured cells. In contrast, AVou of electrodes with fixed
cells increased slowly and linearly, but less rapidly than that of elec-
trodes with non-fixed cells, whereas that of electrodes without fixed
cells barely changed. Regarding the smaller increase of AVou in the
case of fixed cells, it may be because of water entering through the
gap between the cell and the substrate during the 24 hours of moni-
toring, thus slowly increasing the capacitance at the interface of the
electrode. Thus, the pH variation around the cell/pCA-film inter-
face, which was caused by cellular activities, was monitored in real
time, because the pCA-film electrodes were very pH responsive.
From the results in Figure SC, the difference in the signals for the
pCA-film electrodes with and without HeLa cells, after 24 h, was
calculated as 46 mV for pLD, 38 mV for pDA, 47 mV for pNE, and
34 mV for pEP, as shown in Figure 5D. Considering the pH re-
sponsivities for the pCA-film electrodes shown in Fig. 3, the pH
around the cell/electrode interface changed from approximately
7.4 to 6.4 in every electrode, after 24 h of cultivation. Using ISFET,
which had a lower detection limit of approximately 60 mV/pH, the
pH changed from 7.4 to 6.1 in the same culture system, as indicated
by the approximate 80-mV gate potential shift (Fig. SS in the Sup-
porting Information). The difference in the detection ability of
pCA-film electrodes and ISFET is derived from the difference in
the number of functional groups contributing to the equilibrium of
the hydrogen ions. Moreover, the difference in the calculated pH
shift between them may have been due to the type of the substrate
material. We attributed the difference between the metal oxide
surface in ISFET and the pCAs surface in the pCA-film electrodes
to the cells’ condition, such as their adhesiveness and growth rate
during the cultivation. Taking these factors into consideration,
however, the potential shift during the cell cultivation with the
pCA-film electrode corresponded well with that obtained using
ISFET, although differences were observed.

Regarding the adhesion of cells on the pCA film, it has been re-
ported that neuronal cells can be cultivated on a pNE fiber which
acted as a 2D tissue culture substrate and helped to promote cell
differentiation."’ HeLa cells adhered to all the pCA-film surfaces in
this study. It seems that a number of proteins must adhere to the
pCA films, becoming a scaffold for cells. It was previously reported
that some proteins in a culture medium adhered to pCAs on sub-
strates because the hydroxyl groups in the pCAs were covalently
bound to amino groups at the protein surfaces."*** Thus, the pCA-
film electrodes in this study promoted adhesion of proteins as a
scaffold for cells, and enabled the potentiometric detection of pH
variation caused by cellular activities.

Conclusion

In this study, we verified that pCA-film-coated electrodes are
useful in potentiometric biosensing devices. Four different pCA
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films—L-dopa, dopamine, norepinephrine, and epinephrine—were
electropolymerized by oxidation on Au electrodes using cyclic volt-
ammetry with thicknesses between 7-27 nm. The pH responsiv-
ities of the pCA-film electrodes were found to be 39.3-47.7
mV/pH within the pH range of 1.68 to 10.01, depending on the
equilibrium of functional groups at the surface of the pCA films
with hydrogen ions. The pCA films suppressed nonspecific signals
based on other ions (Na*, K¥, Ca®*) and proteins such as albumin.
Thus, the pCA-film electrodes can be used in pH-sensitive and
selective biosensors. HeLa cells were cultivated on the surface of
the pCA-film electrodes to monitor cellular activities. The surface
potential of the pCA-film electrodes changed markedly because of
cellular activities, and the change in the hydrogen ion concentra-
tion around the cell/pCA-film interface was monitored in real time.
This is because carbon dioxide or lactic acid generated by cellular
respiration dissolved in the culture medium, resulting in hydrogen
ion variation. Platforms based on pCA-film electrodes should be
suitable for use as biocompatible and pH-responsive biosensors,
which will enable the more selective detection of biological phe-
nomena upon further surface modifications of the pCA films.
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Figure 1 (A) Schematic illustration of cell sensing device in this study. A pCA nanolayer was deposited on an
Au substrate and the changes in its interfacial charge were detected by a SPD comprising a voltage fol-lower
circuit and an AC/DC signal converter. (B) Chemical structure of four types of pCA: LD, DA, NE, and EP.
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38 Figure 2 Cyclic voltammograms of the four types of catecholamine deposited by electropolymerization on an
39 Au surface as a working elec-trode, with platinum as a counter electrode and Ag/AgCl as a reference
electrode. Each catecholamine was dissolved in degassed 100 mM Tris buffer. The potential was swept in the
forward direction from —0.5 to +0.5 V at a scan rate of 0.02 V/s for 30 cycles. (a) L-dopa, (b) dopamine, (c)
41 norepinephrine, and (d) epinephrine.
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Figure 3 (A) Time course for the change in the surface potential of each type of pCA with solution pH from
1.68 to 10.01. The pH was increased from 1.68 to 10.01 then reduced to 1.68 (B) Linear plot of ion voltage
shift against pH obtained using pCA-coated SPD. The data are based on the electrical signals shown in

Figure 3A. The initial volt-age was set to 0 mV at pH 1.68.
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Figure 4 Change in output voltage (Vo) plotted against logarithm of Na*, K*, and Ca?* concentrations for
each pCA-coated Au electrode (blue: pLD, red: pDA, orange: pNE, green: pEP). The concentration of each
ion was varied from 100 uM to 1 M. The pH of each solution was fixed at 7.4. The initial voltage was set to 0

21 mV at a concentration of 100 pM.
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Figure 5 (A) Growth rate of the HeLa cells after seeding of 1.0 x 10° cells/ml. (B) The images of the
proliferation of HelLa cells on the pDA-coated SPD cultivated after 0 h (left) and 24 h (right). (C) Time course
for the change in potential (AV,.) at pCA-modified Au electrodes with and without HelLa cells during
cultivation. Changes in the output voltage are shown for pLD-modified Au with cells (blue line) and without
cells (light blue line), pDA-modified Au with cells (red line) and with-out cells (light red line), pNE-modified
Au with cells (orange line) and without cells (light orange line), and pEP-modified Au with cells (green line)
and without cells (light green line). (D) Difference in potential for each pCA-coated SPD with and without
cells after 24 h.
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Scheme 1 Proposed oxidative pathway from dopamine to poly(dopamine). Four electrons were generated
from the starting material (dopamine) to the precursor of pDA (5,6-dihydroxyindole).
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