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Abstract

The dielectric spectroscopy of Anabaena 7120 protoplast suspensions has been investigated over the frequency range of 40 Hz–110 MHz. The
protoplast suspensions showed a complicated dielectric dispersion consisting of at least four distinct sub-dispersions with the increasing
frequencies due to the Maxwell–Wagner interfacial polarization. The double-shell model, in which an equivalent shell of thylakoid was assumed
inside the cytoplasm, was adopted to describe the special morphology of the protoplast. Under the assumption that the conductivity of
plasmalemma was negligible and the conductivity of the equivalent shell was 0.1 μS/cm, we attempted to estimate the dielectric properties of
various protoplast components by fitting theoretical curve to experimental data. The relative permittivity of the plasmalemma εmem was estimated
to be 6.5±0.5, and the permittivity of the equivalent shell of thylakoid εthy was estimated to be about 3.2±0.2. The permittivity εcyt and
conductivity κcyt of the cytoplasm were estimated to be 60 and 0.88±0.11 mS/cm, respectively. The permittivity εnuc and conductivity κnuc of the
nucleoplasmic region were determined to be 100 and 0.13±0.02 mS/cm, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Anabaena 7120 is a heterocystous cyanobacterium. It is an
ideal model system to study photosynthesis, cell differentia-
tion, pattern formation and cellular interaction [1,2]. The
marked characteristic for Anabaena cells is that they have an
inner system called thylakoid, which are the sites of
photosynthetic and respiratory electron transport [3,4]. To
study the mechanism, the usual approach is the isolation of
thylakiod from cyanobacteria and then photoelectric studies of
transmembrane charge transfer reactions of pigments and
proteins located on them [5,6]. Recently a few researchers
studied the relationship between the photosynthesis and the
dielectric response of the proteins located on the thylakoids
[7–9]. These studies indicated that dielectric properties of the
thylakoid played an important role in the process of
photosynthesis.
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Dielectric analysis of cell suspensions is a rather effective
technique providing the dielectric properties of cellular
components, such as the plasmalemma and the cytoplasm,
etc. [10–20]. Since Fricke [21] firstly applied dielectric
spectroscopy to study the erythrocyte and predicted the
thickness and the capacitance of erythrocyte membrane which
is consistent with the result later determined by the electronic
microscope, the dielectric spectroscopy, as a non-invasive
method for exploring structure–function relationships, has
frequently been applied to various biological cells and tissues.
As far as dielectric properties of plant protoplasts are concerned,
many studies have been carried out by using different
techniques, including the electrorotation method [22–26], and
the dielectrophoresis method [27], and dielectric spectroscopy
[28]. Because of their highly complex membranous apparatus,
however, cyanobacterium cells have been not studied so far. In
the present paper, the authors attempted to take use of the
technique of dielectric spectroscopy to study Anabaena 7120
protoplast in order to provide the dielectric properties of its
components and to give a certain interpretation for its
complicated dielectric behavior.
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2. Materials and methods

2.1. Preparation of protoplast suspensions

Anabaena 7120 cells were cultivated at 30 °C under constant
illumination in BG-11 medium [29]. The cells were harvested
by centrifugation for 10 min at 5000 ×g. The cell pellets were
washed with buffer A, which contained 0.4 M sucrose, 1 mM
EDTA and 30 mM HEPES, pH 7.0, and were centrifuged again
for 10min at 5000 ×g. Then the cell pellets were resuspended in
buffer A plus 1.5 mg/ml lysozyme and were incubated at 30 °C
for 2–3 h. After incubation, the cells became the separate
spherical protoplasts in the absence of mechanical support of
cell wall. Finally the protoplasts were centrifuged for 10 min at
5000 ×g and the pellets were collected. The collected protoplast
pellets were immediately resuspended in a certain amount of
distilled water. Then this protoplast suspension was separated
equally into three samples, and finally each sample was diluted
successively with the distilled water to prepare the protoplast
suspensions with different concentrations, which were sub-
jected to dielectric measurement. In this way, we obtained three
sets of protoplast suspensions with different concentrations, and
each concentration has three parallel samples with the same
concentration. The mean radius was 3.0 μm measured by using
optical microscope.

2.2. Dielectric measurements

The equivalent parallel capacitances and conductances of
protoplast suspensions were measured by computer-controlled
Impedance Analyzers (model 4294 A, Agilent Technologies)
equipped with a 16047 E Spring Clip fixture over the frequency
range from 40 Hz to 110 MHz. The measuring cell was a
parallel plate capacitor consisting of two platinized platinum
plates and a lucite spacer, cell constant and sample space being
0.02 pF and 200 μl, respectively. The details of the measuring
cell were described elsewhere [30]. The data were corrected for
residual inductance and stray capacitance arising from the
measuring cell and its lead wire according to the method
described by K. Asami et al. [31]. The correction was, however,
somewhat insufficient at higher frequencies. It can been seen
that an unexpected slight increase in conductivity still remained,
which might be due to some instrumental errors or the
orientation polarization of water and biological macromolecu-
lar. All measurements were performed at 20±1 °C. Simulta-
neously, after the measurements the suspensions were
centrifuged immediately and the supernatants were measured
to determine the permittivity (εa) and conductivity (κa) of the
suspending medium. The measurement of each sample was
completed in about 3 s.

2.3. Correction for electrode polarization artifacts

At lower frequencies, a marked electrode polarization effect
dominates, owing to the counterion accumulation at the
electrode-aqueous phase interface. The electrode polarization
impedance is a complex quantity, including the real and
imaginary part, and is in series with that of protoplast
suspensions. To eliminate the real and imaginary parts of the
electrode polarization, we measured the impedance of the
solution without cell (i.e., the supernatant obtained by
centrifuging protoplast suspensions), and decomposed that
into a complex impedance element in series with a simple
solution conductance and parallel with cell capacitance and then
subtracted the complex impedance from the raw data before
performing theoretical analysis.

3. Electric model of the spherical protoplast

3.1. Description of the model based on its morphology

The removal of the cell wall makes us easily to model the
spherical protoplast. Fig. 1(a) shows the electron micrograph of
the protoplasts isolated from Anabaena 7120 that were
subjected to dielectric measurements. It shows that the
peripheral region of cytoplasm contains many membranous
photosynthetic apparatus in the protoplast. In unicellular forms
they commonly consist of a few membrane layers, which extend
in concentric sheets beneath the plasmalemma and surround the
central nucleoplasmic region. The basis structure of the
membranes resembles a flattened sac and is known as the
thylakoid. The appressed membranes of the thylakoid may
occasionally or partially separate displaying the inner cavity of
the thylakoid sac. As a species of prokaryotic algae, there is no
nuclear envelope and few organelles in the protoplast [1].

Here the single-shell model [13] and the “double-shell”
model [32] were employed to model the protoplast as depicted
in Fig. 1(b) and (c). In the single-shell model, the protoplast is
regarded as a conducting homogeneous sphere (corresponding
to the cytoplasm εi⁎) covered by a poorly conducting concentric
shell (corresponding to the plasmalemma εmem⁎ , thickness,
dmem). Whereas in the “double-shell” model, we assumed that
there was an equivalent closed spherical concentric shell inside
the cytoplasm, i.e., sheets of thylakoids in the peripheral region
of cytoplasm were assumed to be an equivalent homogeneous
spherical shell composed of one closed sheet of thylakoid (εthy⁎ ,
thickness dthy (=2dmem, because the thylakoid can be roughly
considered to be composed of two appressed membranes)),
inside which there was the nucleoplasmic region (εnuc⁎ ); and the
cytoplasm between sheets of thylakoids, together with the
cytoplasm between the plasmalemma and the most outer
thylakoid, were unified into the cytoplasm layer (εcyt⁎ ). Such
assumption can be interpreted by means of the Maxwell–
Wagner interfacial polarization theory [33–35], in which a
dielectric dispersion occurs when two phases with different
electric properties, such as these thylakoids and the cytoplasm,
contact with each other in the external electric field.
Furthermore, because the electric properties of all thylakoids
are identical, and those of the cytoplasm surrounding them are
also the same, so there is only one kind of interface between
sheets of thylakoids and cytoplasm, which only produces a
single dielectric dispersion. In this way, it is reasonable
theoretically that sheets of thylakoid are assumed to be an
equivalent spherical shell composed of one sheet of thylakoid.



Fig. 1. (a) The electronic micrograph of the protoplast. (b) The single-shell
model. (c) The double-shell model. dmem: thickness of the plasmalemma
(dmem=7 nm), dthy: thickness of the assumed equivalent spherical shell of
thylakoid (dthy=14 nm), R: the radius of protoplast, Rnuc: the radius of the
nucleoplasmic region. The numbers from (1) to (4) denote four different kinds of
interfaces.
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3.2. Theoretical expression of the cell model

For a suspension of spherical particles uniformly dispersed
in a dilute medium, the equivalent, homogeneous permittivity
ε⁎ for the cell suspensions is given by:

e⁎ ¼ e*a
2ð1−PÞe*a þ ð1þ 2PÞe*p
ð2þ PÞe*a þ ð1−PÞe*p ð1Þ

where P is the volume fraction, which is small enough to
neglect the mutual polarization effect between the suspended
particles, εa⁎ is the complex permittivity of the suspending
medium, εp⁎ is the equivalent complex permittivity of protoplast
as a whole, which can be expressed by Eq. (2). Complex
permittivity ε⁎ is defined as ε⁎=ε– jκ / (ωεv), in which ε is real
permittivity, κ is conductivity, j is unit imaginary, εv is the
permittivity of vacuum (=8.854×10−12 F/m), ω=2πf, where f
is frequency. It is necessary to mention that some researchers
have demonstrated that Eq. (1) could be safely used up to
volume fractions of 0.4, which was beyond the values in the
present paper (P=0.04–0.23) [36,37]

e*p ¼ e*mem
2ð1−m3Þe*mem þ ð1þ 2m3Þe*q
ð2þ m3Þe*mem þ ð1−m3Þe*q ð2Þ

where ν3= (1−dmem /R)
3, εmem⁎ is the complex permittivity of

the plasmalemma, εq⁎ is the equivalent complex permittivity of
the sphere inside the plasmalemma.

e*q ¼ e*cyt
2ð1−m2Þe*cyt þ ð1þ 2m2Þe*m
ð2þ m2Þe*cyt þ ð1−m2Þe*m ð3Þ

where ν2 = ((Rnuc +dthy) / (R−dmem))
3, εcyt⁎ is the complex

permittivity of the cytoplasm, εm⁎ the equivalent complex
permittivity of the sphere consisting of the equivalent shell of
thylakoid and its interior as depicted in Fig. 1(c).

e*m ¼ e*thy
2ð1−m1Þe*thy þ ð1þ 2m1Þe*nuc
ð2þ m1Þe*thy þ ð1−m1Þe*nuc ð4Þ

where ν1= (Rnuc / (Rnuc+dthy))
3, εthy⁎ is the complex permittivity

of the equivalent shell of thylakoid, εnuc⁎ the complex
permittivity of the central nucleoplasmic region.

Theoretical simulations of the dielectric spectra were based
on the Eqs. (1) (2) (3) and (4). The curve fitting procedure was
similar to that described elsewhere [32]. Morphological
parameters and volume fraction are taken as constants in the
curve fitting process. To obtain the best-fit parameters, the
residuals between theoretical curves and experiment data were
minimized by means of a computer.

Devðe; jÞ¼
X
i

ðeti−eeiÞ2=
X
i

e2ei þ
X
i

ðjti−jeiÞ2=
X
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j2ei
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where ε and κ are permittivity and conductivity of the cell
suspensions, and subscripts t and e stand for theoretical and
experimental values, respectively.

Volume fraction P was calculated from the equation,

P ¼ 2ð1−jl=jaÞ
2þ jl=ja

ð6Þ

where κl is the limiting conductivity of the suspension at low
frequencies. This equation is derived from Eqs. (1) (2) (3) and
(4) on the assumption that the conductivity of the plasmalemma
is negligibly small compared with that of the external medium
and the inner of cell, i.e., κmem≪κa, κp [38].
Fig. 2. Dielectric dispersion curves for the Anabaena 7120 protoplast suspensions a
concentrated suspension and paired curves marked “f” to the most diluted suspensio
lines depict the best fitted theoretical curves calculated Eq. (10) (four Debye-type te
4. Results and discussion

4.1. Dielectric behavior of protoplast suspensions

The observed dielectric dispersion curves of protoplast
suspensions with different concentrations were shown in Fig. 2,
where the curves are the averaged results from three parallel
samples. It can be seen that the dielectric dispersion occurred
over the frequency range of 3 kHz–10 MHz, which was due to
the interfacial polarization resulting from the build-up of charge
at cell membrane when biological cells were placed in the
electric field [13,17]. Compared with other curves in Fig. 2(b),
veraged from three parallel samples. Paired curves marked “a” refer to the most
n. Open circles are the data corrected for the electrode polarization effect. Solid
rms) with the parameters listed in Table 3.



Table 1
Dielectric parameters obtained by means of Eqs. (7) and (9)

εl εm εh α1 α2 f01 f02 κl

Single Cole–Cole term 1400 64 0.34 0.018 0.178
Two Cole–Cole terms 1304 476 74 0.15 0.13 0.010 0.10 0.178

f in MHz, κl in mS/cm.
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the depression of the limiting conductivity of the curve “a”
(corresponding to the most concentrated suspension) at low
frequencies may be because that the osmolarity between the cell
and the suspending medium was not adjusted.

4.1.1. Comparison of several Cole–Cole dispersion equation
fitting

To characterize the dielectric behavior of the protoplast
suspensions, we firstly tried to fit the data by using a single
Cole–Cole equation [39]:

e⁎ ¼ eh þ De

1þ ðjf =f0Þ1−a
þ jl
j2kf em

ð7Þ

where Δε is magnitude of dielectric dispersion (Δε=εl−εh), εl
and εh are the limiting permittivity at low and high frequencies,
respectively, f0 characteristic frequency, κl the limiting
conductivity at low frequencies, α the Cole–Cole parameter.
The fitting results are summarized in Fig. 3 and Table 1.

It can be readily seen in Fig. 3 that a single Cole–Cole
equation failed to fit the observed data over the frequency range.
The deviation is reflected on the parameter α and the limiting
dielectric parameters (εl, εh and κh, etc.). The value of α is a
measure of the deviation of data from an ideal Debye-type
dispersion given by the equation [40]:

e⁎ ¼ eh þ De
1þ jf =f0

þ jl
j2kf em

: ð8Þ

Apparently, the breadth of the dielectric dispersion as
reflected by the value of α (α=0.34) seemed to be too large.
Such a large breadth of the β-dispersion cannot be merely
explained in terms of the distribution of particle phase
parameters (e.g., size) and is probably due to the overlapping
of more two distinct sub-dispersions over the frequency range.
And besides, the values of εh and κh also deviated visually from
Fig. 3. The comparison of a single Cole–Cole equation and a sum of two Cole–Cole t
curve calculated from Eq. (7). Solid lines depict the curve calculated from Eq. (9). T
the experimental data. Therefore, we attempted to apply the
Cole–Cole equation having two relaxation times (Eq. (9)) to fit
the same data. The experimental curve was well simulated by
using Eq. (9) with the best-fit parameters listed in Table 1. The
Cole–Cole parameters of α (α1=0.15, α2=0.13) were smaller
than 0.34. And the limiting dielectric parameters could also
better agree with the observed values. This indicated that the
dielectric spectra were truly composed of at least two sub-
dispersions.

e⁎ ¼ eh þ De1
1þ ðjf =f01Þ1−a1

þ De2
1þ ðjf =f02Þ1−a2

þ jl
j2kf em

: ð9Þ

4.1.2. Comparison of various Debye-type dispersion equations'
fitting results

We attempted to use a sum of various Debye-type terms (Eq.
(10)) to fit the same data in order to make certain how many
sub-dispersions the investigated dielectric spectra consisted of.
Here two, three and four Debye-type terms were employed to fit
the same data, respectively. The fitting results were shown in
Fig. 4(a) and the best-fit parameters were listed in Table 2.

e⁎ ¼ eh þ
X

i¼2;3;4

Dei
1þ jf =f0i

þ jl
j2kf em

: ð10Þ

Obviously, there was a great discrepancy between the
fitted curves using a sum of two, three Debye-type terms and
erms. Open circles are the data of the curve “a” in Fig. 2. Dashed lines depict the
he parameters are listed in Table 1.



Fig. 4. (a) The comparison of two, three and four Debye-type terms. Open circles are the data of the curve “a” in Fig. 2. Dashed lines depict the curves calculated from
Eq. (10) (i=2, i.e., two Debye-type terms). Dash-dotted lines depict the curves calculated from Eq. (10) (i=3, i.e., three Debye-type terms). Solid lines depict the best-
fit curves calculated Eq. (10) (i=4, i.e., four Debye-type terms). The parameters are listed in Table 2. (b) The four distinct sub-dispersions separated from the whole
dispersion of protoplast suspensions.
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the observed dielectric spectra. However, the simulated curve
using a sum of four Debye-type terms could satisfactorily
agree with the experimental curve over the whole frequency
range, and the limiting permittivity at low and high
frequencies (εl and εh) were both consistent with the observed
values (εl =1245, εh=76.8). Therefore, it was possibly
inferred that the β-dispersion exhibited by Anabaena
protoplast suspensions was a composite of at least four
distinct sub-dispersions, and this may be the best interpreta-
tion of the large value of α. It is necessary to note that such
behavior is characteristic for biological cells, especially for
the cells containing intra-membranous structures [13,17,19,
20,28,37,41]. For the sake of clarity, we separated these four
distinct sub-dispersions from the whole dispersion and the
results were shown in Fig. 4(b). Obviously, the whole
dispersion was the overlapping of four distinct sub-disper-
sions. It can also be seen in Table 2 that the magnitude Δεi of
each sub-dispersion decreased with the increasing frequency,
and the characteristic frequencies of two adjacent sub-
dispersions were apart from roughly a decade order.



Table 2
Dielectric parameters obtained by means of Eq. (10)

εl Δε1 Δε2 Δε3 Δε4 εh f01 f02 f03 f04 κl

Two Debye-type terms 1228 695 446 87 0.010 0.110 0.178
Three Debye-type terms 1250 607 413 151 79 0.008 0.055 0.302 0.178
Four Debye-type terms 1255 572 341 228 37 77 0.008 0.040 0.151 1.00 0.178

f in MHz, κl in mS/cm.
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On the basis of the above analysis of dielectric behavior, all
data in Fig. 2 were dealt with by using a sum of four Debye-type
terms and the best-fit parameters were summarized in Table 3.
For each sub-dispersion, the permittivity increment decreased as
the decreasing protoplast concentration. This is expected
because the mechanism of interfacial polarization depends on
to a great extent the interfacial area, which is proportional to the
number of particles dispersed in the suspension. In other words,
the bigger the interfacial area is, the greater the degree of build-
up of charge is, and the bigger the magnitude of dielectric
dispersion is. On the other hand, the characteristic frequency f0i
of each sub-dispersion did not change remarkably within the
range of protoplast concentration. This is also the characteristic
of interfacial polarization.

In conclusion, the common characteristics of the four sub-
dispersions may be summarized as: (a) the magnitude of the
previous sub-dispersion is larger than that of the next sub-
dispersion successively; (b) the characteristic frequency of the
previous sub-dispersion is less than about one decade apart from
the next one in turn.

4.2. Electrical phase parameters of protoplast components

Fig. 5 shows the experimental data and the theoretical
curves simulated by single-shell model and the double-shell
model as an example of curve (a) in Fig. 2. It can be readily
seen that the theoretical curve simulated by the double-shell
model gave a relatively satisfactory agreement with the
experimental data than that simulated by the single-shell
model, though there was some discrepancy at low frequencies
possibly due to either the rough approximation of this model
for the protoplast morphology or other factors. With regard to
the disagreement at the high frequencies, it is possibly
ascribed to two reasons: 1. the insufficient correction of stray
inductance; 2. the dispersion caused by orientation polariza-
tion of the water or biological macromolecular in the
protoplast at the high frequencies. When considering there
Table 3
The dielectric parameters obtained through fitting a sum of four Debye-type
terms to all the data in Fig. 2

εl Δε1 Δε2 Δε3 Δε4 f01 f02 f03 f04 κl

Dense 1255 572 341 228 37 0.008 0.040 0.15 1.00 0.178
1005 446 259 190 33 0.008 0.038 0.16 1.02 0.212
774 344 178 148 27 0.008 0.036 0.15 1.00 0.212
624 294 140 93 21 0.009 0.044 0.18 1.06 0.211
486 228 88 76 18 0.010 0.044 0.17 1.10 0.211

Dilute 448 215 88 54 13 0.009 0.043 0.20 1.25 0.207

f in MHz, κl in mS/cm.
is still no more realistic model to describe the lamella-
distributed sheets of thylakoids at present, the double-shell
model may be considered as a reasonable model to
characterize it. At least, this model could give a plausible
fitting for experimental data as a whole. In this way, all data
in Fig. 2 were dealt with by the similar way, and all
theoretical curves could agree with the experimental data
from curve (b) to (f). The residuals are controlled in the range
of (5.3±1.2)%. The estimated phase parameters were listed in
Table 4.

The permittivity of plasmalemma εmem was estimated to be
6.5±0.5(if irrespective of 9.0), which was close to that of the
plasmalemma reported by other researchers [28,30,41–43].
The value of 9.0 is relatively big possibly because of the
errors of mathematic analysis when the magnitude of
dielectric dispersion, especially that of conductivity, was
very small.

The permittivity of the assumed equivalent shell of thylakoid
εthy was estimated to be about 3.2±0.2, which is in the range of
1.5–9 for permittivity of various biological membranes reported
[37,44–46]. If considering the thylakoid is composed of
appressed membranes, then the estimated permittivity is
understandable because it is actually the lamellate stack of
two membranes [1]. Here this estimated value is only an
apparent value and does not stand for the real value of thylakoid
membrane. In addition, because of this uncertainty resulting
from the rough approximation for this membranous apparatus,
we should not discuss it in detail.

The permittivity of the cytoplasm (εcyt) and the nucleoplas-
mic region (εnuc) were estimated to be 60 and 100, respectively.
It is possibly due to the difference between the cytoplasm and
nucleoplasm. These two values (εcyt and εnuc) were sensitive to
the limiting dielectric constant at the intermediate and high
frequencies, respectively. Fig. 5 showed that the limiting
permittivity at intermediate and high frequencies, calculated
when εcyt=60 and εnuc=100, both agreed with the experimental
data, which may suggested that the estimated values of εcyt and
εnuc were relatively rational. The conductivity of the cytoplasm
and the nucleoplasmic region were found to be 0.88±0.11 and
0.13±0.02 mS/cm, respectively. These two values were
basically in the broad range from 0.4 to 5 mS/cm reported for
the conductivity of the cytoplasm of various biological cells
[28,30,46].

Next let us discuss the reason why there were at least four
sub-dispersions. From the point of view of the M–W
interfacial polarization theory [35], these protoplast compo-
nents with different dielectric properties can produce four
different kinds of interfaces amongst them (including the
suspending medium, plasmalemma, cytoplasm, the equivalent



Fig. 5. Comparison between the experimental data (the curve a in Fig. 2) and the theoretical curve predicted by the double-shell model and the single-shell model. Solid
lines: the theoretical curves predicted by the double-shell model. Dash lines: the theoretical curves predicted by the single-shell model. Related parameters: dmem=7
nm, R=7 μm, Rnuc=2.9 μm, dthy=14 nm, εmem=6.4, κmem=0, εa=78, κa=0.256 mS/cm, P=0.227, εcyt=60, κcyt=0.80 mS/cm, εthy=3.0, κthy=0.1 μS/cm, εnuc=100,
κnuc=0.10 mS/cm.
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shell of thylakoid and the nucleoplasm region), as shown in
Fig. 1(c). Consequently, it may be reasonably thought that it
was these four different kinds of interfaces that resulted in
the four distinct sub-dispersions demonstrated in Section
4.1.2. At the same time, the characteristic frequencies of
these four sub-dispersions were relatively near, which
indicated that the four kinds of interfaces were possibly of
similar properties, and this may explained why one
dispersion, which appeared superficially a single dispersion,
could be separated into four Debye-type sub-dispersions by
the curve fitting.

5. Conclusions

The dielectric behavior exhibited by Anabaena protoplast
suspensions was analyzed in detail and the conclusion was
drawn that the observed dielectric spectra consisted of at
least four Debye-type sub-dispersions over the frequency
range from 0.01 to 10 MHz. The theoretical curve predicted
by the double-shell model, in which an equivalent shell of
Table 4
The estimated phase parameters in terms of the double-shell model

κα (mS/cm) P εmem εcyt

a 0.256 0.227 6.4 60
b 0.267 0.147 7.0 60
c 0.250 0.107 7.1 60
d 0.246 0.100 6.1 60
e 0.237 0.076 6.0 60
f 0.220 0.040 9.0 60
x̄ ±SD 6.5±0.5 60±0

Morphological parameters were: R=3 μm, dmem=7 nm, dthy=14 nm, Rnuc=2.9 μm,
parameters estimated from curve (f). The residuals are controlled in the range of (5.
thylakoid was assumed inside the protoplast, was employed
to determine the dielectric properties of protoplast compo-
nents. Here it is necessary to note that the double-shell
model is only a rough approximation for the protoplast, and
we expect a new, more appropriate model, which can
accurately characterize the sheets of thylakoids distributed
lamellarly in the protoplast, will be developed to further
determine the real electric properties of protoplast compo-
nents in vivo in the future. However, in any case, the present
research could provide a sensitive sensor for judging the
corresponding relationship between the inner structure
(including its electric properties) and the characteristic
parameters (such as the limiting permittivity at the low and
high frequencies, etc) embodied by dielectric spectra of the
protoplast suspensions.
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κcyt (mS/cm) εthy εnuc κnuc (mS/cm)

0.80 3.0 100 0.10
1.00 3.5 100 0.15
1.00 3.5 100 0.15
0.80 3.0 100 0.12
0.80 3.0 100 0.12
1.00 4.0 100 0.25
0.88±0.11 3.2±0.3 100±0 0.13±0.02

εα=78, κthy=0.1 μS/cm, κmem=0. Note: the value of x̄ ±SD did not include the
3±1.2)%.
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