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a  b  s  t  r  a  c  t

A  Pt  layer/Pt  disk  electrode  configuration  was  used  as  a  scanning  electrochemical  microscopy  (SECM)
probe.  The  glass  seal  part  of  the  insulator  was  covered  with  a  Pt  layer  to form  an  exposed  pseudo  reference
electrode.  In a  HEPES-based  medium  at pH  7.5,  the half-wave  potential  (E1/2)  for  [Fe(CN)6]4− oxidation  and
O2 reduction  measured  versus  the  internal  Pt  pseudo  reference  was  shifted  by  about  −0.2  V,  compared
with  the  E1/2 measured  versus  the  external  Ag/AgCl  reference  electrode.  The  shape  and  the  current  of  the
cyclic  voltammograms  (CVs)  did  not  change  notably  over  time,  indicating  that  the  Pt  layer  is sufficiently
stable  to  be  used  as  an  integrated  pseudo  reference  for voltammetric  measurements.  To  demonstrate
the  suitability  for  SECM  applications,  the  Pt/Pt  probe  configuration  was  used  for  measuring  the  oxy-
gen  consumption  and  the  alkaline  phosphatase  (ALP)  activity  of  a single  mouse  embryoid  body  (mEB).
Ten  individual  mEB  samples  were  characterized  to  monitor  the  oxygen  concentration  profile.  Oxygen
reduction  currents  were  monitored  at −0.7  V  versus  the Pt pseudo  reference  and  compared  with  those
monitored  at  −0.5  V versus  Ag/AgCl.  The  respiration  rate  of  mEBs  becomes  greater  with  increasing  cul-
tivation  dates.  We  have  plotted  the  oxygen  consumption  rate  (F(O2))  of  each  mEB  sample,  measured
versus  the  Pt  layer  and  versus  Ag/AgCl.  The  linearity  of  the  plot  was  excellent  (coefficient  of  determina-
tion  R2 =  0.90).  The  slope  of the  least  squares  method  was  1.  In  a  1.0  mM  p-aminophenylphospate  (PAPP)
HEPES  buffer  (pH  9.5)  solution,  APL  activity  of  mEBs  can  be  characterized,  to  monitor  the  p-aminophenol
(PAP)  oxidation  current.  ALP  catalyzes  the  hydrolysis  of  PAPP  to  PAP.  The  E1/2 for  PAP  oxidation  mea-
sured  versus  the  Pt  layer  was  not  shifted,  compared  with  the  E1/2 versus  Ag/AgCl.  The  mEB  samples  were
characterized  to monitor  the  PAP  concentration  profile.  PAP  oxidation  currents  were  monitored  at  +0.3  V

versus  the  Pt  layer  and  compared  with  those  monitored  at +0.3  V versus  Ag/AgCl.  We  have  plotted  the
PAP  production  rate  (F(PAP))  of  each  mEB  sample,  measured  versus  the  Pt  layer  and  versus  Ag/AgCl.  In
this  case,  the linearity  of  the  plot  became  slightly  scattered,  but  it  was  found  to  be  possible  to  evaluate
ALP  activities  of  mEB  samples  utilizing  the  Pt/Pt  probe  configuration.  This  type  of  probe  is very  use-
ful  because  it  is  not  necessary  to insert  a reference  electrode  into  the  measuring  solution  to  obtain  an
electrical  connection,  and  thus  electrochemical  measurement  in  a small  volume  becomes  much  easier.
. Introduction
Scanning electrochemical microscopy (SECM) can be used with
ifferent types of probe (disk, ring, disk–ring, dual disk) and mate-
ials with sizes ranging from several micrometers to just a few
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nanometers. Microelectrodes have been fabricated from small
diameter metal wires or carbon fibers sealed into tapered tips of
pulled glass micropipettes and/or insulating polymers [1–11]. In
the present study, the outer surface of the glass insulation of a disk-
shaped microelectrode was  sputtered with a Pt layer [12,13]. This
is particularly useful because one does not then need to insert a
reference electrode into a measuring solution in order to obtain an
electrical connection, and electrochemical measurement in a small
volume becomes much easier.
Miniaturization and microfabrication of reference electrodes
play an important role in the development of integrated microsen-
sors. Until now, 3-electrode configuration has generally been
performed in a commercial 96-well plate, with a sample volume
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er well of 300 �L. Insertion of 3 electrodes into the well is possible
14,15], in order to electrochemically evaluate enzymatic activities.
owever, numerous problems are faced during miniaturization,
ost notably the rapid dissolution of the Ag/AgCl and the corre-

pondingly short lifetime of the electrode [16]. The toxicity of Ag+

an sometimes be significant when evaluating a biological sample
17], particularly for mammalian embryos and embryoid bodies.

We  chose Pt because, after the base metal is deposited, an
ctivation step is not necessary to generate the reference mate-
ial. Conversely, in the case of Ag/AgCl, the silver layer must be
hlorinated to produce the AgCl coating [18]. In contrast with
ther microelectrodes, our probe configuration, which integrates a
seudo reference electrode, improves the measurement procedure
ecause it does not require an external Ag/AgCl, which often com-
licates the experimental design. This probe configuration allows
or simplification of the measurement process, reduction of the
ssay time per sample, and high-throughput assays. To demon-
trate the suitability of the Pt/Pt probe configuration, it was used as

 scanning probe to measure the oxygen consumption and the alka-
ine phosphatase (ALP) activity of a single mouse embryoid body
mEB). The respiration activity of an embryoid body plays a cru-
ial role not only in cellular viability but also in commitment to the
ifferentiation lineage [19–21]. ALP activity is known to be an indi-
ator of undifferentiated properties of embryonic stem cells [21].

e have applied the SECM system for quantitative characterization
f respiration and ALP activity in individual mEBs. As it is not nec-
ssary to insert a reference electrode into the measuring solution
o obtain an electrical connection, a high-throughput electrochem-
cal measurement in a small volume (less than 5 nL) becomes much
asier using the probe configuration (Fig. 1).

. Materials and methods

.1.  Chemical reagents

p-Aminophenol (PAP, Wako Pure Chemical Industries), 2-
4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES;
ojindo Laboratories, Japan), fetal bovine serum (FBS; Gibco), and
ther chemicals were used as received. p-Aminophenylphosphate
onosodium salt (PAPP) was purchased from LKT Lab Inc. or

onated by Prof. Uichi Akiba from Akita University.

.2. Cell culture

The  hanging drop culture is the most widely used method for
enerating embryoid bodies, and involves the formation of an
mbryoid body by the aggregation of embryonic stem (ES) cells
22–24]. The mouse ES cell line was purchased from DS Pharma
iomedical. Co., Ltd., strain 129/SVEV, passage 11. The undiffer-
ntiated state was maintained in serum-free media (DS Pharma
iomedical Co., Ltd.) with 1000 U/mL of mouse leukemia inhibitory

actor (LIF) and 1 mM �-mercaptoethanol. For the mEB  formation
ulture, ES cells were dissociated and suspended in serum-free
edia with 15% FBS and 1 mM �-mercaptoethanol. Droplets of

0 �L of an ES cell suspension containing 2.5 × 104 cells/mL were
laced in a 35 mm diameter dish. After 6 days of incubation at
7.5 ◦C in a water-saturated atmosphere of 95% air and 5% CO2,
ingle mEBs of between 200 and 300 �m in average diameter were
ormed.

.3. Electrochemical measurement
The  Pt disk microelectrode for the SECM experiment was  fab-
icated according to the literature [25] as a working electrode. For
he Pt/Pt probe integrating a Pt disk microelectrode and a Pt pseudo
eference electrode, the Pt disk electrode was sputtered to form
a 94 (2012) 30– 35 31

a  150 nm Pt layer (Anelva Corp.; L-232S-FH, RF200) outside the
glass insulator. The outer Pt electrode layer was  not covered with
insulators, so as to gain a larger electrode area stabilizing the rest
potential of the Pt layer electrode. The tip was carefully polished
until a ring–disk electrode assembly was  exposed.

Cyclic voltammograms (CVs) were obtained by controlling the
potential of the probe-working electrode (Pt disk) versus the
internal Pt layer integrated in the same probe, or an external
Ag/AgCl reference electrode (Fig. 1A). A HEPES-based serum-free
medium (ERAM2, Research Institute for the Functional Peptides),
with or without 4 mM ferrocyanide, was  selected for measuring the
oxidation–reduction current.

2.4.  Measurement of oxygen consumption

The oxygen reduction currents were monitored with a conven-
tional Pt disk probe at −0.5 V versus Ag/AgCl or with a Pt/Pt probe
at −0.7 V versus the internal Pt layer. A single mEB  was  trans-
ferred into a cell composed of 6 cone-shaped microwells with a
2 mm  radius and a depth of 2 mm [26] (Research Institute for the
Functional Peptides). When the mEB  sample was  transferred into
a cone-shaped microwell, the sample fell to the bottom of the well
and remained at the lowest point (Fig. 1A and S in Supplemen-
tary Data). A commercial SECM system, including the XYZ-stage
(Suruga Seiki, K701-20R) and the potentiostat (HV405, Hokuto
Denko), was controlled by a notebook computer (Fujitsu, FMV-
BIBLO NE7/800). The details of the SECM system, including the
definition of parameters, are shown in Supplementary Data and a
previous report [26,27]. The electrode probe was scanned vertically
from the side of the sample at z = 0–320 �m above (z = +320 �m),
repeatedly up and down 6 times. The concentration profile formed
near the sample has been confirmed to allow for spherical diffu-
sion with the center of the sphere at the peak of the microwell cone
(point P) rather than the center of the sample (point O). Therefore,
the concentration profile was shown as a function of the distance
(L) from point P. L can be obtained from the following equation:

L  =
√

(h + z)2 + (rs + rmin)2 (1)

where  h is the distance between the peak of the cone-shaped
microwell and the center of the sample (PO); rs is the sample radius;
and rmin is the distance between the tip center and the surface.

In a steady-state condition, the concentration profile for oxygen
is expressed as follows:

C(L)  = −�C
(

Ls

L

)
+ C∗ (2)

In  this study, the �C value for oxygen is defined as the concen-
tration difference (>0) between at L = Ls and the bulk [26,28], where
Ls = h + rs. The oxygen consumption rate (F) was  expressed as:

F = 2�
(

1 − 1√
2

)
LsD�C  (3)

where  D is the diffusion coefficient of oxygen (2.1 × 10−5 cm2 s−1)
[26].

2.5. ALP activity

Following the culture of mEBs, the cone-shaped microwell was
placed in 3 mL  of a measuring solution containing 1.0 mM PAPP and
HEPES-based saline solution (10 mM HEPES, 150 mM NaCl, 4.2 mM
KCl, 2.7 mM MgCl2, 1.0 mM NaHPO4, and 11.2 mM glucose; pH 9.5).
During the scans, the potential of the microelectrode was held at

−0.3 V versus the Pt layer and versus Ag/AgCl, for facilitating the
oxidation of PAP. The quantitative estimation of PAP produced from
the mEB  sample was  basically the same as that shown for the oxy-
gen consumption analysis. However, the �C value (>0) for PAP was
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ig. 1. (A) Scheme of the SECM measurement for a spherical sample located in a c
t/Pt  probe integrating a pseudo reference. (B) Photograph of a Pt/Pt probe (top) an

efined as the subtraction of the PAP concentration at L = Ls from
he bulk PAP concentration. Eq. (2) was modified as follows:

(L)  = �C
(

Ls

L

)
+ C∗ (2′)

The diffusion coefficient of PAP was 7.1 × 10−6 cm2 s−1 [29].

.  Results and discussion

The  aim of this study was to fabricate and test a Pt/Pt probe
eaturing a Pt disk microelectrode and a Pt layer pseudo reference
lectrode. The probe was fabricated by sputtering a thin layer of
t on to the outer surface of the glass insulation of a disk-shaped
icroelectrode. Typically, the radii of the disk and outer-ring elec-

rodes were 4.6 and 23.8 �m,  respectively. The ratio of the 2 radii
b/a; ring electrode radius (b) to disk electrode radius (a)) was  5.2. A
hotograph of the electrode (top) and a top view of the tip (bottom)
f a Pt/Pt probe are shown in Fig. 1B.

Cyclic voltammetry was performed using an integrated pseudo
eference to assess the Pt disk of the Pt/Pt probe as a microelec-

rode. ERAM2, with or without 4 mM K4Fe(CN)6, was selected as

 measuring solution. Fig. 2A shows a CV of 4 mM K4Fe(CN)6 in
RAM2 that was recorded in a single cell with a Pt/Pt probe assem-
ly with either the Pt layer as an internal pseudo reference (Pt) or

ig. 2. Cyclic voltammograms in ERAM2 containing 4 mM K4Fe(CN)6 (A) and ERAM2 (B)
ine) and versus an external reference Ag/AgCl electrode (solid line). Scan rate 20 mV s−1.
hape microwell; system using a conventional Pt disk probe (top) and that using a
f the Pt/Pt probe (bottom). The (b/a) value is 5.2.

an external reference (Ag/AgCl). The CV displayed the expected sig-
moidal shape characteristic of microelectrodes. In this case, the CV
for the set-up with the Pt pseudo reference was apparently shifted
by −0.2 V, compared with the CV for the Ag/AgCl reference. This
result means that the rest potential of the Pt layer is +0.2 V versus
Ag/AgCl. In the presence of ferrocyanide/ferricyanide, the poten-
tial of the Pt layer electrode was controlled by the concentration
ratio of ferrocyanide/ferricyanide. Even in the case of a solution
containing a reduced form of the redox couple only, the resting
potential of noble metal (e.g. Pt or Au) working electrodes does not
significantly deviate from the formal potential of the redox [30].
A steady-state oxygen reduction current was  obtained at −0.7 V
versus the Pt layer. In preliminary studies, Pt layer/Pt disk elec-
trodes with b/a values ranging from 1.75 to 6.6 were tested by
comparing the limiting diffusion current of the Pt disk, before and
after the deposition of Pt layer. Current fluctuation due to the
interference (including redox cycling) between the Pt disk and Pt
layer electrodes was  observed in electrodes with b/a values rang-
ing from 1.75 to 2.96 and was not observed in the (b/a) values
ranging from 3.5 to 6.6. These (b/a) values are found to be large

enough to omit redox cycling between the disk and the layer elec-
trodes. These results are according to theoretical approach which
indicates a strong tip response dependence on the (b/a) value
[12,31,32].

 recorded with a same Pt/Pt probe versus an internal Pt pseudo reference (dashed
 The (b/a) values were 5.2 (A) and 3.5 (B), respectively.
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Fig. 3. (A) Photograph and time course of current profiles for mEB  (day 6, rs: 223 �m).  Scale bar, 100 �m.  (B) Current profiles as a function of z. (C) Current versus Ls/L plot.
The R2 was  0.99 (versus Pt pseudo reference) and 0.98 (versus Ag/AgCl). (A–C) Current was recorded with a Pt/Pt probe at −0.7 V versus an internal Pt pseudo reference
(dashed line, Pt disk radius, 4.6 �m;  the (b/a) value was 5.2) or with a conventional Pt disk probe at −0.5 V versus an external reference Ag/AgCl (solid line, Pt disk radius,
1.0 �m).
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ig. 4. Respiration rate, F(O2) (A) respiration rate per spheroid volume, F(O2)/V of m
0.5  V versus Ag/AgCl (blank bars); N = 10.

In the absence of ferrocyanide/ferricyanide couple, environ-
ental condition including pH of solution becomes a major factor

o stabilize the potential of the Pt layer electrode. The rest potential
f the Pt layer was +0.4, +0.2, and +0.0 V versus Ag/AgCl at pH 4.1,
.5, and 10.0, respectively. This result was accepted by the poten-
ial shift of the platinum oxide film/Pt couple with pH changes. The
otential of the Pt layer electrode seems to be stabilized because

f a relatively larger electrode area with the platinum oxide film
n Pt. Fig. 2B shows a CV in ERAM2. The E1/2 for O2 reduction was
hifted by about −0.2 V. If the microelectrode is compared for the
xidation of [Fe(CN)6]4− measured versus Ag/AgCl, the value of Imax
 day 4 and day 6 (B) measured at −0.7 V versus Pt pseudo reference (filled bars) and

and E1/2 does not change notably over time (∼30 min), and neither
does the sigmoidal shape.

To demonstrate the suitability of the Pt/Pt probe configuration
for SECM applications, it was used for measuring the oxygen con-
sumption and the ALP activity of a single mEB. Ten separate mEBs
were characterized to monitor the oxygen concentration profile.
Oxygen reduction currents were monitored with the Pt/Pt probe

at −0.7 V versus the internal Pt layer and compared with the cur-
rent profile monitored with a conventional Pt disk probe at −0.5 V
versus an external Ag/AgCl electrode. In the present study, the oxy-
gen consumption rate (F(O2)) was  quantified based on spherical
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iffusion theory and the protocol developed previously [26]. Fig. 3A
hows current profiles during a 3-times back-and-forth scanning
f a single mEB  (day 6, rs: 223.5 �m)  comparing the Pt layer and
he Ag/AgCl electrode. A single measurement, completed within
4 s, recorded 6 current profiles, 3 up-scan (+z direction) and 3
own-scan (−z direction) by 320 �m.  The tip scanning rate was
0 �m s−1. The distance (rmin) between the tip center and the
ample surface was typically 5–30 �m.  At t = 0.0, 21.3, 42.7, and
4.0 s, the SECM tip located at z = 0.0 �m (where z is defined as the
eight from the center of the sample: see Fig. S2 in Supplemen-
ary data). On the other hand, at t = 10.7, 32.0, and 53.3 s, the tip
ocated at z = 320 �m.  Fig. 3B shows the current profile as a func-
ion of z. The reduction current (expressed as a negative value)
ecreased with smaller z value because the oxygen concentration
ear the sample became lower as a result of the respiration of
EBs. The oxygen concentration profile near the mEB  was known

o be allowed with a spherical diffusion with the distance (L) from
oint P, the top of the cone-shaped microwell. The appropriate-
ess of adopting diffusion theory was confirmed by the current
ersus Ls/L plot shown in Fig. 3C. The coefficient of determina-
ion (R2) of the 2 plots obtained at −0.7 V versus the Pt layer
nd at −0.5 V versus Ag/AgCl were 0.99 and 0.98, respectively,
oth indicating excellent linearity. Importantly, the �C(O2) value
btained with the Pt layer was 1.17 × 102 �M,  which was in very
ood accordance with that obtained with the Ag/AgCl reference
1.18 × 102 �M).

Next,  we compare the value of F(O2) on day 4 and day 6. Fig. 4A

hows the average of the respiration rate on days 4 and 6, measured
t −0.7 V versus the Pt layer and compared with those monitored
t −0.5 V versus Ag/AgCl. The F(O2) values increased by increas-
ng the cultivation times. The respiration rate of the mEB  becomes

ig. 6. (A) Photograph and time course of current profiles for mEB  (day 6, rs: 192.4 �m)
lot. The R2 was 0.99 (versus Pt pseudo reference) and 0.99 (versus Ag/AgCl). (A–C) Curre
dashed line, Pt disk radius, 4.6 �m;  the (b/a) value was 5.2) or with a conventional Pt dis
Fig. 5. Plot of the oxygen consumption (F(O2)) values measured at −0.7 V versus the
Pt pseudo reference and at −0.5 V versus Ag/AgCl. Circles and squares correspond
to  data for mEB  of day 4 and day 6. The R2 was  0.93.

greater with increasing cultivation time. No significant difference
was observed between the F(O2) values obtained with the Pt layer
and the Ag/AgCl reference electrode. Fig. 4B shows the average of
the respiration rate per volume of mEB  (F/V). Over this time period,
the F/V value decreased when increasing the cultivation time. In
fact, the respiration activity inside the mEB  became lower when
the rs became larger because of the deficiency of oxygen (hypoxia).
Fig. 5 shows the values for oxygen consumption (F(O2)) of each
mEB sample measured versus the Pt layer and compared with the

F value measured versus Ag/AgCl. The linearity of the plot was
excellent (R2 = 0.93). These results confirm the stability and robust-
ness of our electrode. In both experiments, the values are similar,
demonstrating that our electrode can be used as a scanning probe

.  Scale bar, 100 �m.  (B) Current profiles as a function of z. (C) Current versus Ls/L
nt was recorded with a Pt/Pt probe at +0.3 V versus an internal Pt pseudo reference
k probe at +0.3 V versus an external Ag/AgCl (solid line, Pt disk radius, 1.0 �m).
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o measure the oxygen consumption without the need to use an
xternal reference.

ALP  hydrolyzes PAPP to PAP, which is an electrochemically
ctive  species [28]. The use of PAPP, instead of other ALP substrates,
esults in lower limits of determination (LODs), wider linear ranges,
nd a simpler methodology for the detection of the enzymatic prod-
ct. Moreover, the applied potential for oxidation of PAP is lower
han the potential for oxidation of other ALP substrates hydroly-
is products, which reduces the number of potential interferences
hat can be oxidized at the electrode surface. CVs in HEPES-based
aline solution were used for electrochemical oxidation of PAP and
APP with the Pt/Pt probe, and a calibration curve for PAP con-
entration is shown in Fig. S2 in Supplementary Data. The E1/2
or PAP oxidation measured versus the Pt layer was  not shifted,
ompared with the case versus the external Ag/AgCl reference
lectrode. The calibration curves for the Pt/Pt probe and the conven-
ional Pt disk probe were used to estimate local PAP concentration
hange.

Fourteen separate mEB  samples were characterized to moni-
or ALP activity. PAP oxidation current was recorded with a Pt/Pt
robe at +0.3 V versus the internal Pt pseudo reference electrode
nd with a conventional Pt disk electrode at +0.3 V versus the exter-
al Ag/AgCl electrode. Fig. 6A shows current profiles as a function
f time during 3-times back-and-forth scanning of a single mEB
day 6, rs: 192.4 �m).  At z = 0.0 �m (t = 0.0, 21.3, 42.7, and 64.0 s),
he PAP oxidation current (expressed as a positive value) increased
ecause the PAP concentration near the sample became larger due
o the endogenous ALP activity of mEB. Fig. 6B shows the current
rofile as a function of z. The PAP concentration profile near the
EB was expressed with spherical diffusion. The appropriateness

f adopting diffusion theory was confirmed by the current versus
s/L plot, shown in Fig. 6C. The R2 of the 2 plots obtained with the
t/Pt probe versus the internal Pt layer and with the conventional Pt
isk probe versus the external Ag/AgCl electrode were 0.99 in both
ases, indicating an excellent linearity. The �C(PAP) value obtained
ith the Pt layer was 8.25 �M,  which was in very good accordance
ith that obtained with the Ag/AgCl reference (7.51 �M).

Fig. 7 shows the relationship between F(PAP) values versus the
t layer and versus Ag/AgCl on day 6 of each mEB  sample: coeffi-
ient of determination, R2 = 0.58. In this case, the linearity of the
lot becomes slightly scattered due to fouling and the instabil-

ty of the products over the time (the half-life of PAP and PQI in
lkaline media is low), but, basically, it was found to be possible
o evaluate the ALP activity of an mEB  sample utilizing the Pt/Pt

lectrode configuration. This type of electrode is particularly use-
ul because it is not necessary to insert a reference electrode into
he measuring solution to obtain an electrical connection, and thus

[
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electrochemical  measurement in a small volume becomes much
easier.

4. Conclusion

An integrated probe was  fabricated, with working/pseudo ref-
erence electrodes, for practical oxygen consumption and PAP
production measurement. The consumption pattern observed with
the Pt layer/Pt disk electrode agreed well with that found by using
the conventional SECM method. The Pt layer/Pt disk electrode
improves the measurement procedure and enables rapid measure-
ment of oxygen consumption. We  believe that the probe integrating
the Pt pseudo reference will improve the accessibility of electro-
chemistry with commercial multitier plates.
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