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The peroxidase activity in a single protoplast of alga Bryopsis plumosa is quantitatively characterized by scanning
electrochemical microscopy. The generation of ferriceniummethanol (FMAþ) at the protoplast surface is directly de-
tected by the microelectrode tip scanned close to the sample surface in seawater containing ferrocenemethanol
(FMA) and hydrogen peroxide, an electron mediator and an enzyme-substrate, respectively. The oxidation reaction re-
quires hydrogen peroxide, which clearly shows FMAþ generation due to the peroxidase (POD) catalytic reaction occur-
ring in the protoplast. The FMAþ generation and the FMA accumulation rates at a single alga protoplast were
equivalent. A plot of the FMAþ generation rates according to the hydrogen peroxide concentrations was well allowed
with a Michaelis–Menten-type reaction. An estimation of the mass-transfer rate and a determination of the Km are quite
important advantages of the SECM technique that cannot be realized using other techniques. The POD activity has been
further investigated from the viewpoint of the size of the protoplast. The POD activity of the alga in the adult stage is
also visualized by SECM. The noninvasive nature of the SECM technique has been confirmed by observing the devel-
opmental process after measurements.

Scanning electrochemical microscopy1–5 (SECM) has been
widely applied in numerous fields, such as electrode surfaces,
alloys, polymers, and biomaterials. Because of its technical
advantage to characterize and image localized chemical reac-
tions, it has been recognized as a powerful tool to probe the
biochemical nature of various surfaces, including DNA,6,7 en-
zymes,8–12 antigen–antibody,13–16 and lipids.17–20 Pierce and
Bard9 characterized the enzymatic activity in individual mito-
chondrion fixed on a glass substrate. Yamada et al.10 deter-
mined the Michaelis–Menten constant (Km) of an immobilized
enzyme at a glass substrate. Enzymes were used for labeling
antigens or antibodies in studies for fabricating antibody-
chips.13–16 These reports mainly focus on a study of immobi-
lized enzymes on a solid supports.

Amperometric and voltammetric methods utilizing a micro-
eletctrode for probing single-cell functions have been played
important roles for more than thirty years.4 Extra-cellular de-
tection schemes, as for studies using SECM or self-reference
electrodes,21 are advantageous to avoid both the injury to the
living cells and contamination of the probe microelectrode
surface. Neurotransmitters,22–24 anti-cancer drugs,25 and reac-
tive oxygen species26,27 have been directly detected with a mi-
croelectrode positioned very close to the single-cell surface.
Photosynthetic and respiration activities have been quantita-

tively discussed.28–37 Recently, the electron transfer4,38–40

and permeation41 of redox species at the single-cell level have
been reported. However, to our knowledge, there has been no
report concerning the detection of enzymatic activities of indi-
vidual living cells. We firstly report here on an SECM study
aimed at probing the enzymatic activity of a single cell, a liv-
ing alga protoplast, under its physiological condition.

Experimental

Ferrocenemethanol (FMA, [Hydroxymethyl]ferrocene) was
purchased from Aldrich Chem. Co. All chemicals were used as re-
agent grades. All aqueous solutions were prepared from distilled
and deionized water by an AQUARIUS GS-200 (Advantec). Sea-
water was used after filtration and being treated in an autoclave at
110 �C for 20 min.

Protoplasts of the marine algae Bryopsis plumosa were pre-
pared according to a method reported by Tatewaki and
Nagata.42 Briefly, a piece of algae was immersed into sea water,
and the cytoplasma of the algae was squeezed out into the sea wa-
ter using tweezers. The cytoplasma aggregated to form proto-
plasts after leaving for 10 to 30 min. The protoplast was cultivat-
ed in light irradiation (1.3 klx) at room temperature in seawater
containing a 2% of growth medium. For the growth medium,28

175.5 mg Fe(NH4)2(SO4)2�6H2O, 175.5 mg H3BO3, 11.25 mg
FeCl3�6H2O, 41.0 mg MnSO4�4H2O, 5.5 mg ZnSO4�7H2O, 1.2
mg CoSO4�7H2O, 415 mg Na2EDTA, 5.0 mg thiamine hydro-
chloride, 0.1 mg vitamine B12, 0.05 mg Biotin, 3.5 g NaNO3,
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0.5 g N2glycerophosphate, and 5.0 g Tris buffer (Sigma) were pre-
pared in 1.00 L of water.

A motor-driven XYZ-stage (Suruga Seiki, K701-20R) was lo-
cated on the stage of an inverted microscope (Nikon TE300).
Pt-microdisk electrodes sealed in a tapered soft-glass capillary
(World Precision Instruments, PG10165-4) were fabricated ac-
cording to the literature.28,43 The tip potential was controlled with
a potentiostat (Hokuto Denko, HA1010mM4). The oxidation cur-
rent of FMA and the reduction current of FMAþ were monitored
at a tip potential of +0.5 and +0.1 V, respectively. The typical
Pt-microdisk radius was 3.0 mm and the steady-state oxidation
current was 400 pA in seawater containing 0.5 mM FMA. The
radius of the tip, including the glass-sealed part, was less than
10 mm. The current profiles obtained by SECM measurements de-
pend on the tip scanning rate and the scanning direction. In the
case of a single line scanning at less than 2.4 mm/s with forward
and back directions, the two current profiles still had apparent
hysteresis. The SECM images were captured at a tip scanning rate
of 14.7 mm/s, and showed only the profiles with the forward direc-
tion.

Analysis of the Mass-Transfer Rate Based on Spherical Dif-
fusion Theory. The spherical diffusion theory has been widely
used to quantify the mass-transfer rates at spherical sample sur-
faces in various SECM experimental systems.4,38,44,45 The con-
centration profile according to the distance from the center of
the spherical sample (LO) is expressed as follows, when a sample
with a spherical shape is placed in a solution under the conditions:

C ¼ ðCs � C�Þrs=LO þ C�; ð1Þ

where the masstransfer rate by the sample is constant and the con-
centrations of the reactant and the product at the sample surface
are uniform. Here, the rs is the radius of the spherical sample,
and Cs and C� are the concentrations of the redox species at the
sample surface and in the bulk, respectively. The distance from
the center of the spherical sample is expressed as LO ¼ r þ rs,
when the tip microelectrode is scanned according to the axis
crossing the center of the sample. The r is the distance from
the sample surface. The concentration difference between the
bulk and the sample surface (�C ¼ C� � Cs) is defined as the
subtraction of the concentrations at rs=LO ¼ 0 and 1. The flux
density at the sample surface (fs [mol cm�2 s�1]) and the total
masstransfer rate of the sample (F [mol s�1]) are given by the fol-
lowing equations:

fs ¼ D�C=rs; ð2Þ

F ¼ 4prsD�C; ð3Þ

where D is the diffusion coefficient of the reagent. The D values
of FMA and FMAþ at room temperature are 7:0� 10�6

cm2 s�1.10 In the present study, the masstransfer rate of FMAþ

generation (�FFMAþ
) and FMA accumulation (FFMA) are both ex-

pressed as the positive direction in the figures. For measuring�C,
the tip was scanned back and forth at 14.7 mm/s for three times
and the average � standard deviation (n ¼ 6) was estimated.
The �C estimated by the scanning tip was identical within a
10% deviation to that obtained by the stationary tip at several
points in a 500-mm scan range.36

In a previous study, we characterized the peroxidase (POD) ac-
tivity of the tissue of a plant, celery (Apium graveolens L.).46 The
POD distribution at the cross section of the celery stem was vi-
sualized by an SECM measurement. A quantitative argument
on the mass-transfer rate of the redox species was impossible be-

cause the POD molecules, themselves, come out from the cutting
edge of the celery stem. In the case of alga protoplasts, however,
the extraction of POD molecule from the sample surface seemed
to be negligible, because it was confirmed that the membrane per-
meation of the protoplast41 is very similar to that of the artificial
bilayer lipid membrane.17 The contribution of the direct release
of the POD molecule to the F value estimated by the method men-
tioned above should be minor because the diffusion coefficient of
the POD molecule is much smaller compared to that of the FMA
and FMAþ.

Results and Discussion

An SECM image of POD activity in a single protoplast was
obtained by two-dimensionally scanning the tip microelectrode
to monitor the reduction current of FMAþ. Figure 1 shows an
optical microscope photograph and an SECM image of a sin-
gle protoplast with a radius of 81 mm in seawater containing
0.5 mM FMA and 0.5 mM H2O2. The SECM image was ob-

Fig. 1. An optical microscope photograph and an SECM
image of the single protoplast with a radius of 81 mm in
the seawater containing 0.5 mM FMA and 0.5 mM
H2O2. The tip height from the top of the sample, 50
mm. The tip potential, þ0:1 V vs Ag/AgCl. Tip radius,
3.0 mm.
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tained at 50 mm height from the top of the sample surface. In
the SECM image, the lighter region with the higher reduction
current indicates that with the higher concentration of FMAþ

produced from the sample. Without H2O2 in the solution,
the current increase near the single protoplast was not
observed. Thus, The FMA is oxidized to FMAþ in the pres-
ence of H2O2 by the POD catalytic reaction in the protoplast.

The FMAþ production and FMA accumulation by the alga
protoplast depend on the H2O2 concentration in the solution.
Figure 2 shows the concentration profiles of FMAþ and
FMA near to a single protoplast with a 78 mm radius in solu-
tions containing various concentrations of H2O2. In the ex-
periments, the tip microelectrode was scanned according to
the axis crossing the center of the sample. In the upper part
of Fig. 2, the concentration profiles are shown as a function
of the distance (r) from the sample surface. The profiles con-
verted to C versus rs=LO plots as shown in the lower part of
Fig. 2. A quantitative analysis on the POD activity of the pro-
toplast is possible by using spherical diffusion theory. The
lines in the figure are given by the method of least squares.
The linearity of each plot is quite good. The concentration
gradients increase for higher H2O2 concentrations, indicating
that both FMAþ production and FMA accumulation by the
sample become larger for a higher H2O2 concentration. Again,
the concentration profiles of both FMAþ and FMA are totally
flat without H2O2.

Figure 3 shows a plot of the total fluxes (F) of the FMAþ

production and the FMA accumulation by the single alga pro-
toplast as a function of the H2O2 concentration. The filled and
open circles indicate the F value of the FMAþ production and
the FMA accumulation, respectively. Basically, the FMAþ

production rate is comparable with the FMA accumulation
rate, indicating that FMA is almost equivalently oxidized to
FMAþ by the POD-catalyzed reaction in the single cell.

Fig. 2. (Upper) The concentration profiles of FMAþ (C(FMAþ)) and FMA (C(FMA)) as a function of the distance (r) from the
sample surface in the solution containing various concentrations of H2O2. The crosses, triangles, squares, open circles, and filled
circles indicate the plots in 0, 0.01, 0.05, 0.10, and 0.30 mM H2O2 concentrations. The sample radius (rs), 78 mm. (Lower) The C
versus rs=LO plots.

Fig. 3. The plot of the total fluxes (F) of the FMAþ produc-
tion (filled circles) and the FMA accumulation (open cir-
cles) by the single alga protoplast as a function of H2O2

concentration.
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One can see that the H2O2 concentration dependency of the
flux is well explained by a Michaelis–Menten-type reaction.
The fluxes linearly increase in the lower concentration region,
and are saturated for higher concentration. The Km for H2O2

was estimated as 53� 13 mM. It should be noticed that the Km

estimated here is an apparent value because several kinds of
POD-isozymes (and other POD-like enzymes that catalytically
oxidize FMA in the presence of H2O2) generally exist in living
cells.47–50 Although many methods have been used to charac-
terize the POD activity of living cells and tissues,47–49 the ca-
pacity of the SECM estimating the Km value of the single liv-
ing cell is noteworthy. The distribution of the Km of the indi-
vidual protoplast is also interesting. However, efforts to im-
prove the measuring process should be required for com-
paring the Km values of many protoplasts, because it takes 5
to 30 minutes until the concentration profiles of FMAþ/
FMA reach a steady-state for each H2O2 concentration. The
Km value was smaller than 100 mM (n ¼ 2), but, unfortunately
we have no information whether Km is a typical value for the
alga Bryopsis plumosa at the present stage. Therefore, the
POD activity was further characterized for many protoplasts
in the condition of an excess amount of H2O2.

Figure 4 shows the POD activity as a function of the size
(rs) of the protoplast. The filled and open circles indicate
the F value of the FMAþ production and the FMA accumula-
tion, respectively. The POD activity of the alga protoplast in-
creases as the size of the protoplast becomes larger. In a pre-
vious study, we investigated the respiration and the photosyn-
thesis activities as a function of the size of the protoplast.37

We found that the respiration rate was linear to rs
3; on the con-

trary, the photosynthesis rate was linear to rs
2, suggesting that

the former is controlled by the volume of the protoplast, and
that the latter is controlled by the surface area of the
protoplast. The results were explained by the geometrical dis-
tribution of the organelle, namely, mitochondrion homogene-
ously distribute in the cell; on the other hand, chloroplasts lo-
calize near the cell membrane. In the case of the POD activity,
the slope of the log (F/mol s�1) vs log (rs/mm) plot was 2.4.
This result indicates that the size-dependence of the POD ac-
tivity of the alga protoplast is an intermediate situation be-

tween the respiration and the photosynthesis activities. Simul-
taneously, the result excludes the possibility that the permea-
tion of the redox couple through the cell membrane of the pro-
toplast is the rate-determining process, because the slope does
not change for smaller and larger sizes of the protoplast.

Next, we demonstrated the SECM applicability for a nonin-
vasive measurement. For a single alga protoplast with a 32-
mm radius, shown in the top of Fig. 5, an SECM measurement
was carried out to obtain the FMAþ production rate as 1:03�
0:073� 10�14 mol s�1. After the SECM measurement in sea-
water containing 0.5 mM FMA and 0.5 mM H2O2, the proto-
plast was transferred into seawater containing a 2% growth
medium. The photographs of the same protoplast one day
and three days after the SECM measurement are shown in
the middle and bottom of Fig. 5, respectively. This figure
shows the noninvasiveness of the SECM in spite of the mea-
surement performed in a solution containing an electron medi-
ator (FMA) and an enzyme substrate (H2O2). The normal de-
velopment and proliferation behaviors after the SECM mea-
surements have already been reported.36 In the present study,
we have shown that the addition of an electron mediator or en-
zymatic substrate in the measuring solution is also possible to
further cultivate living samples. Figure 6 shows an SECM im-
age of the POD activity of an alga in the adult stage. The sam-
ple was destroyed with tweezers, as was done to prepare the
protoplasts. The higher current region in the SECM image
of the alga in the adult stage is well correlated with the region

Fig. 4. The POD activity as a function of the size (rs) of the
protoplast. The filled and the open circles indicate the F

of the FMAþ production and the FMA accumulation,
respectively. Measuring solution was the seawater con-
taining 0.5 mM FMA and 0.5 mM H2O2.

Fig. 5. Photographs of a protoplast at an SECM measure-
ment (top), one day (middle) and three days (bottom) after
the measurement.
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existing in the cytoplasma surrounded by the cell wall. As is
well known, the POD catalyzes various biochemical reactions
in animal and plant cells to play important roles in the defense
against physical and chemical stresses. Especially, the PODs
of plants and bacteria function in the synthesis and repair of
cell walls. The SECM technique will be useful to monitor
among change of the POD activity in real-time.

The POD activity cannot be monitored in the case that sam-
ples contain an excess amount of reductant, such as ascorbic
acid and polyphenols.46 Besides, it is impossible to monitor
the oxidation reaction catalyzed by POD when the electron
mediators in the solution accept electrons from the electron-
transfer chains existing in photosynthetic- or respiratory-
metabolism. Yasukawa et al. reported that benzoquinone is re-
duced to hydroquinone in the alga protoplast both under dark
and light-irradiation conditions.4,38 We confirmed in the same
single protoplast system that the reduction rate of FMAþ is
much smaller comparing to the oxidation rate of FMA cata-
lyzed by POD. The light irradiation did not influence the
FMAþ production nor the FMA accumulation rate. Those re-
sults suggest that the oxidation/reduction behavior in the liv-

ing sample largely depends on kinds of the living sample
and the selected redox couple.39–42,46 For example, FMAþ

production was not detected by approaching a probe micro-
electrode to a monolayer of mammalian cells (Chinese hamster
ovary cell) on a culture dish in a phosphate buffer solution
containing 0.5 mM FMA and 0.5 mM H2O2. This result points
out the limitation of our method for monitoring the POD activ-
ity of mammalian cells. A further survey is required to select
suitable redox species that efficiently permeate through the
mammalian cell membrane in stead of FMA. For chramido-
monas reinhardtii, which is a kind of unicellular green alga,
the FMAþ generation catalyzed by POD was detected in the
same solution mentioned above when the chramidomonas ex-
ists on an agar-gel medium at the monolayer level.51

In conclusion, we first characterized an enzymatic activity at
the single-cell level using the SECM technique in a solution
containing an electron mediator and an enzymatic substrate.
The POD activity of the individual protoplasts were further in-
vestigated as a function of the H2O2 concentration and the size
of the protoplast. It may be possible to discuss the POD activ-
ity by comparing with the developmental potential or the other

Fig. 6. A photograph and an SECM image of a piece of an alga in the seawater containing 0.5 mM FMA and 0.5 mM H2O2. The
tip potential, +0.1 V vs Ag/AgCl. Tip radius, 7.0 mm. Measuring solution was the seawater containing 0.5 mM FMA and 0.5
mM H2O2.
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metabolic activity of each single protoplast. The SECM tech-
nique will be useful in the future to monitor the change of the
POD activity in real-time, in the developmental stage, re-
sponse to wounding, and various conditions of cultivation.

This work was partly supported by Grant-in-Aid for Scien-
tific Research (11227201) and a Grant-in-Aid for the Creation
of Innovations through Business-Academic-Public Sector
Cooperation (No. 13504) from the Ministry of Education,
Culture, Sports, Science and Technology.
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