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Abstract

This study reports the development of two enzyme-less biosensors by using IrO, for pH and Pt-Ir
for glucose sensors. Nanostructures of electrodeposited IrO, and Pt-Ir were examined by SEM and
XPS on the electrode surfaces. We used chronopotentiometry (CP) for pH and linear sweep
voltammetry (LSV) for glucose measurement at 37 °C in 1X PBS (0.15M NaCl). In the physiological
range of pH 4-10 and glucose concentration 1 mM-12 mM, these two biosensors exhibited good
linearity of -68.5 mV/pH (R*: 0.99) and, 0.97 mA/mM-dm? (R?: 0.988), respectively. Because the linear
ranges are suitable for cell culture, the presented electrochemical sensors are prospective for applying

to continuous cell culture monitoring.
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Introduction

Cell culture is a complex process,
especially for stem cell culture. Stem cell
researches have been developed since 1960s
[1,2] and have thrived in recent decades. These
cells are charming and different from other cells
because they have a remarkable potential
either to renew themselves or to differentiate
into specific types of cells. Due to their flexible
characteristic, stem cells become a source for
drug screening and a candidate for cell-based
therapies. Lots of efforts have been made to
construct an additionally physical constrain in
the culture environment to differentiate stem
cells into a specific cell-lineage or to maintain
stem cells undifferentiated [3-6]. Not only the
shape or size of stem cell colonies can
influence the development of stem cells, but the
ingredients of the culture medium also plays a
vital role in developing stem cells.
Nevertheless, few studies have focused on
real-time monitoring the whole processes of cell
culture [7], especially for stem cells culture.
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The sensors used in cells culture monitoring
must have ability to reflect the real state of stem
cells. Several key sensing parameters such as
pH, lactate production, glucose concentration,
and oxygen consumption which are capable of
indicating the function of cell metabolism are
the candidate targets in the monitoring system.
Mohr et al. and Weigl et al. provided an optical
sensor which can detect pH, oxygen, and
carbon dioxide [8,9]. The sensing principle is
based on the absorbance or luminescence of
the fluorescence dye. Nevertheless, the
drawbacks of optical sensors are the
interference of turbidity/ bubbles and the
sensing range limited by the dye. An alternative
choice is nuclear magnetic resonance
spectroscopy (NMR). It is a powerful tool for
investigating physical, chemical and biological
properties of samples. Several studies
employed 19F NMR to determine the oxygen
distribution within a cell culture system [10,11].
However, the cost of NMR spectroscopy is
extremely expensive and it is not suitable for
continuous cell culture monitoring. The third
one is an electrochemical sensor which is the
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most common use in pH, oxygen and glucose
bioreactors. It can provide a quick and reliable
result and the fabrication cost is low.

In this paper we proposed two sensors, a
pH sensor and a glucose sensor, which are
prospective for continuous cell culture
monitoring. The pH sensor is made by IrO,
which is proved to be sensitive to pH value and
have long-term stability over a month [12]. The
evaluation of the IrO, electrodes, which were
electroplated by different parameters, would be
provided. The glucose sensor is based on
nanostructured Pt-Ir. The sensing principle of
the pH sensor and the glucose sensor is by
electrochemistry.

Experimental
Reagents and Preparation of Electrolytes

Iridium tetrachloride (IrCls), hydrogen
peroxide (H,O,, 30%), Oxalic acid dehydrate
(CoH204+2H,0), Anhydrous potassium
carbonate (K,CO3), Glucose, H,PtClg*6H,0,
hydrogen chloride (HCI, 18 wt%),and
phosphate-buffered  saline  (PBS) were
purchased from Aldrich. Iridium (lll) chloride
(IrCl3) was obtained from Alfa Aesar. Reagent-
grade materials and deionized water (resistivity
=2 18 MQ.) were used to prepare the
electrolytes.

To prepare the electrolyte for IrO,
electroplating, 75 mg of IrCl, was dissolved in
50 ml of D.l. water and the solution was stirred
for 15 minutes. Then, 0.5 ml of 30% of H,0O,
was added into the solution and the solution
was stirred for another 10 minutes. Next, 250
mg of C,H,0,2H,O0 was added and the
solution was stirred for another 10 minutes.
Finally, a small amount of anhydrous potassium
carbonate was used to adjust the pH value of
the solution to pH 10.5 and the solution was
stored at room temperature for 2 days to allow
for stabilization. After two days, the solution was
stored at 4°C and it is ready for later IrO,
electroplating [13].

To prepare the electrolyte for Pt-Ir
electroplating, 1 g of H,PtClg*6H,O and 1 g of
IrCl; were dissolved in 1 L and 100 ml of 0.01 M
HCI solution, respectively. Then, the solution
were contained and stored at room temperature
for 2 days to allow for stabilization before use.

Eletroplating of IrOx and Pt-Ir

A glass wafer was covered with a 10 nm
Ti/ 200 nm Pt layer that was deposited by e-
beam evaporation. It was diced into small
pieces (2 x 1 cm?) for use as working and the
counter electrodes. The reference electrode
was an Ag/AgCl (3 M KCI) electrode. IrO, and
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Pt-Ir  electroplating were performed in
galvanostic mode at 30 °C without stirring
(active surface area: 1 x 1 cm?) and the total
volume of the electrolyte mixture was fixed at 4
ml.

For IrO, electroplating, three electrodes
were separately fabricated by using different
current densities, 0.25, 0.3 and 0.4 mA/cm? for
15 minutes. After electroplating of IrO,, three
electrodes were placed in a pH 7 universal
buffer for two days [13]. For Pt-Ir electroplating,
0.5 ml of H,PtClg*6H,0 electrolyte and 3.5 ml of
IrCl; electrolytes were first mixed together.
Then, the Pt-Ir layer were electroplating by
using current density of -20 mA/cm? for 7000 s.

Results and Discussion
Characterization of the IrO, pH sensor

To characterize the IrO, electrodes which
were electroplated by different current densities,
0.25, 0.3 and 0.4 mA/cm?, respectively, a 3-cell
system was used to obtain calibration curves in
the range of pH 4-10. In Fig. 1, cross, square
and triangle represent the chips which were
electrodeposited by the current density of 0.25,
0.3 and 0.4 mA/cm?®, respectively. The result
shows that the chip electroplated by current
density of 0.3 mA/cm? has the best linearity
among the three and its sensitivity is -68 mV/pH
unit within pH4-pH10. The average standard
deviation of this electrode is about 14 mV.
Therefore, this electrode was used for further
chrono-potentiometry measurement.
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Fig. 1. The calibration curve of IrOx pH sensor.
Cross, square and triangle represent the chips which
were electrodeposited IrOx by the current density of
0.25, 0.3 and 0.4 mA/cm2, respectively. The square
line shows the best performance of the pH sensor
and the sensitivity is -68.5 mV/pH.

To characterize the IrO, pH sensor in the
solution with periodical change of pH value,
three solutions of pH value 5.85, 6.97, and 7.43
were employed. Each cycle started from the
solution of pH 5.85, to pH 6.97, last to pH 7.43.
The next cycle started when the pH value was
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back to 5.85 (Fig. 2). The open circuit potential
(OCP) dropped with solution became more
alkaline and increased when the next test cycle
started.
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Fig. 2. The chronopotentiometry of the IrOx
electrode of sensing dynamic changes from pH 5.85
to pH 6.97 and last to pH 7.43

Based on Nernst equation, one pH unit
change would cause a difference of 59 mV in
OCP. However, the IrO, acquired by
electroplating is the hydrous form and the oxide
formation is more complex and the chemical
formation varies depending on the deposition
condition. Theoretically, the sensitivity of OCP
is about 90 mV/pH unit (eq. (1)). In reality the
sensitivity ranges from 59 mV/pH to 90 mV/pH
[14]. In our experiment, the sensitivity was 68.5
mV/pH, which was within the range and in
accordance with other previous studies.

2[1rO,(OH), - 2H,0F +3H" +2¢

(1)
— [1,0,(0H)-3H,0}” +3H,0

Characterization of the Pt-Ir glucose sensor

Fig. 3(a) and 3(b) show the XPS profile of
the Pt-Ir electrode and its surface morphology,
respectively. The atomic ratio of the Pt-Ir
electrode is Pt (81.3%)-Ir (18.7%). The surface
structure of the Pt-Ir electrode comprises two
forms of grains. One is rounded and the other is
leaf-like structure.
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Fig. 3. XPS profile and SEM image of the Pt-Ir
electrode after electroplating (a) XPS profile of the
Pt-Ir electrode and the atomic ratio of Pt to Ir is Pt
(81.3%)-Ir (18.7%) (b) the surface morphology of the
Pt-Ir electrode which is coved with disorderd rounded
and leaf-like grains.

To examine the properties of the Pt-Ir
electrode, Fig. 4 shows that there are two peak
currents in the linear sweep voltammetry (LSV)
related to the glucose oxidation due to
adsorption of hydrogen atoms (left peak) and
adsorption of glucono lactone (right peak). In
the voltage window between -0.2 V and 0.2 V,
the current response is linear to glucose
concentration. Therefore, LSV was used to
measure the dynamic changes of glucose
concentration. Periodic ramp voltage from -0.6
V to 0.4 V and the scan rate of 50 mV/s was
applied on the Pt-Ir sensor. After every 5 cycles,
the glucose concentration was subsequently
changed from 16 mM through 12 mM, 9 mM,
45 mM, and 2.25 mM to 1.125 mM. Fig. 5
depicts that the electrodes have linear
responses to glucose concentrations between 1
to 16 mM with the sensitivity of 0.82 mA/mM
dm? (R% 0.95). If the linear range is narrow
down to 1mM to 12mM, the sensitivity would
increase to 0.97 mA/mM dm? (R 0.988).

200

06 04 02 02 04

0
E/V v.s. Ag/AgCl

Fig. 4. The linear sweep voltammetry (LSV) of the
Pt-Ir electrode in different glucose concentration.
Two peaks currents are related to glucose oxidation.
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Fig. 5. The calibration curve of Pt-Ir glucose sensor.
The sensitivities are 0.82 mA/mM dm® and 0.97
mA/mM dm? in the range of 1 mM-16 mM and 1 mM-
12 mM, respectively.

Conclusion

In summary, two electrochemical sensors,
IrOx and Pt-Ir sensors, are presented and used
for pH and glucose sensing. These two sensors
show stability at 37 °C for a long period and
high sensitivity under high CI" environment (1X
PBS, 0.15M NaCl). Also, the linear range of
these two sensors covers the normal range of
pH and glucose concentration used for cell
culture. Owing to these characteristics, the
presented IrO, and Pt-Ir sensors have great
potential for use in continuous cell culture
monitoring.
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