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Abstract: A new technique is described for measuring dielectric dispersion of
a single microcapsule in suspension over a frequency range from 1kHz to
10 MHz. It was applied to polystyrene microcapsules which showed a two-step
dielectric dispersion, that is, a superposition of two Debye type dispersions. The
dielectric dispersion was analyzed by an electrical model in which a spherical
core covered with a shell is immersed in a continuous phase, yielding the phase
parameters related to the microcapsule: the wall thickness, the permittivity and
conductivity of the core phase. The advantage of this technique is that it can
characterize individual microcapsules, whereas the conventional method pro-
vides average properties of many microcapsules. Hence, the technique enables
us to directly determine the distributions of the phase parameters and to exactly
examine the relationship between the dielectric behavior and the microcapsule
structure simultaneously observed by microscopy.
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Introduction

Diclectric techniques are useful to elucidate the
structural and electrical properties of microcap-
sules that are widely used in pharmaceutical, food,
and industrial fields. Zhang et al. [1, 2] reported
that a dense suspension of polystyrene microcap-
sules showed a two-step dielectric dispersion that
was caused by charging process at the two inter-
faces of the capsule wall. The analysis of the di-
electric dispersion by a dielectric theory based on
interfacial polarization provided the structural
and electrical parameters of the microcapsules,
namely, the wall thickness, the internal permit-
tivity and conductivity, and the external conduct-
ivity. This method, however, has the following
limitations, because the analysis is based on the
assumption that all microcapsules have uniform
structural and electrical parameters. Prior to
the dielectric measurements, it is necessary to
fractionate microcapsules, although available
fractionation techniques cannot make micro-
capsules uniform in all electrical and structural
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parameters but only in size and density (or wall
thickness). When there is a distribution of the
internal conductivity, which usually results from
some variations in the ion leakage rate through
the walls, the dielectric theory becomes complic-
ated [3, 4] and the analysis is possible only under
limited conditions [5]. The experimental limita-
tions and theoretical complexity might be circum-
vented by a new technique that analyzes dielectric
behavior of a single microcapsule.

Asami et al. developed a technique measuring
a single millimeter-size sphere in suspension, by
which glass, gelatin and steel beads [6], spherical
bilayer lipid membranes [7], fish eggs [8], and
gelatin balls covered with a biological cell mono-
layer [9] were studied. Because this technique was
based on the two-terminal method, a closed-type
chamber was needed for the measurements in
order to avoid the fringing field at the edge of elec-
trodes. In this study, we adopt the three-terminal
method, which eliminates the fringing field effects
and enables us to design an open-type chamber, in
which a sub-millimeter microcapsule can be easily
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manipulated. The purpose of this paper is, there-
fore, to describe the technique for single-micro-
capsule measurements with a three-terminal
chamber. As an example of its application, poly-
styrene microcapsuies are measured and the re-
sults are analyzed by a dielectric theory based on
a simple shell-sphere model.

Theory

For a polystyrene microcapsule in suspension,
we assume an electrical model (Fig. 1), in which
a spherical core (of complex relative permittivity
¢¥) covered with a shell (of &¥) is immersed in
a continuous phase (of ¢¥). The complex rela-
tive permittivities are defined as
Jx/we,, where ¢ is relative permittivity, x con-
ductivity, &, permittivity  of  vacuum
(e, = 0.088541 pFem ™ '), w = 2xf, f frequency and
j=+/ — L. The complex relative permittivity of
the whole system ¢* is given by Maxwell [10] and
Wagner [117]:

_ 2(1 — P)ek + (1 + 2P)et
R+ dEE+ (1 — D)t

where @ is the volume fraction of the shell-sphere

occupied in the system and the equivalent com-

plex relative permittivity of the shell-sphere &¥ is
expressed by the equation derived by Maxwell

[10]:
o 2= 0+ (14 20t
T R+ + (1 —v)er

g =g —
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Fig. 1. An electrical model of a microcapsule in suspension.
e¥, &, and &f are the complex relative permittivities of the
shell, core and external phase, respectively; d is the shell
thickness; D is the outer diameter

where v = (1 — 2d/D)?, d is the thickness of the
shell, and D is the outer diameter of the shell-
sphere. Rearranging Egs. (1) and (2), we obtain:

— &m o Em — &p Ky
1 + jor,

&
e¥ = &y +

1 +jot, ' G)

Jjoe,
This equation indicates that the model shows
a two-step dielectric dispersion composed of two
subdispersions of Debye type, which are termed
P- and Q-dispersion. The six parameters ¢, &,
&, To( = 1/27f,), 74( = 1/2nf,) and k; are called
dielectric parameters and are obtainable from di-
electric measurements (see Fig. 5). The relation-
ships between the dielectric parameters and the
structural and electrical parameters of the shell-
sphere, called phase parameters, have been ob-
tained by Pauly and Schwan [12] and Hanai [13].
In the case of polystyrene microcapsules that hold
for the conditions that x, < x,, k;, the relation-
ships are approximated as:

m:@%;gk @
el
o = ea% + (—2% : ©)

where ¢, and ¢ are the limiting relative permit-
tivities of ¢, at high and low frequencies, respec-
tively:

2(1 —v)es + (1 + 20)g

fon = & 2+ve+ 1 —ve ®)
14+ 20
801—851~_U. ©

In addition, the limiting conductivity at high fre-
quencies ky is given by
Kn = K; + (8m - gh)gv/fq + (81 - 8m)gv/‘fp
&n 9(Kch8a - Kagch)3a¢
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where iy, 1s the limiting conductivity of k. at high
frequencies:

Kop = UK: 3 :
T+ e+ (1 —v)e |

(11)

Materials and methods

Preparation of microcapsules

Polystyrene microcapsules were prepared by an
interfacial polymer deposition technique as re-
ported previously [1, 14]. The internal aqueous
phase of the capsules contained 3 mM KCI and
0.1% (w/v) gelatin. The capsules were stored in
a 3 mM KClI solution at room temperature before
dielectric measurements.

Dielectric measurement

For measuring a single microcapsule in suspen-
sion, we designed a chamber that permits the
three-terminal measurement, which is free from an
error inherent in the fringing field in the two-ter-
minal method. In the chamber (see Fig. 2), a com-
mon electrode (Smm x3mm) is parallel to
a measuring electrode (1.2 mm x 1 mm) and a guard
electrode, which lic on the same plane through
a narrow gap of about 0.1 mm and are held at the

Fig. 2. A schematic representation of the three-terminai
chamber used for the diclectric measurements of a single
microcapsule in suspension. C, M, G arc common, measuring
and guard electrodes, respectively; S, slide glass; L, Lucite.
The thick broken lines indicate leads that connect the elec-
trodes and the contacts, which are used for the connection
with an impedance analyzer

same potential. The distance between the com-
mon and measuring electrodes is about 0.9 mm
and platinum plates are used for the three elec-
trodes. The chamber was fixed on a hand-made
test fixture (not shown), which was mounted on an
inverted phase contrast microscope (Olympus
CK?2). The fixture was connected to a Hewlett-
Packard 4192A LF Impedance Analyzer via 1 m
50-ohm coaxial cables.

The measuring procedure consists of the fol-
lowing steps. First, a microcapsule was rinsed
several times with distilled water and was intro-
duced into the chamber filled with distilled water.
The microcapsule was moved to the area between
the electrodes by manipulating it with a piece of
nylon thread under the microscope and then
capacitance C and conductance G were measured
with the Impedance analyzer in its parallel circuit
mode between 1 kHz and 10 MHz. Secondly, the
microcapsule was removed from the area between
the electrodes, and capacitance C' and conduc-
tance G’ were measured again. Finally, the dia-
meter of the microcapsule was determined with the
microscope and the temperature of the medium in
the chamber was directly measured with an electric
thermometer with a needle-type thermistor.

The capacitance C measured for a microcapsule
in suspension includes an error inherent in elec-
trode polarization at low frequencies and is rep-
resented by

C=C,+C.+Cy, (12)

where C, is the capacitance of the specimen, C, is
the capacitance due to the electrode effect, and
C, is the stray capacitance. For calculating
C, from C, we have to estimate C, and Co. The
estimation is carried out with the aid of the
capacitance C’ measured for the medium:

C=C+C+6Co, (13)

where C, is the capacitance of the medium itself,
in this case distilled water, which is frequency
independent below about 100 MHz, and C; is the
capacitance for the clectrode effect. With the
values of C' at high frequencies, in this case above
200 kHz, where there is no influence of electrode
polarization (C; = 0), the term C, + C, was found
to be slightly frequency dependent and be approx-
imately expressed as:

C,+ Co=a+blogf, (14
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where a and b are constants. Subtracting the value
of C, + C, (calculated from Eg. (14)) from the
value of C’ at each frequency, we can obtain the
frequency dependence of C{. Using the relation-
ship described in the Appendix, the curve of C, is
constituted by shifting the curve of C/ along the
axis of frequency by multiplying the frequency
value of each data points of C. by a factor of
G,/G’', where G, is the conductance measured in
the presence of the microcapsule at low frequen-
cies (around 10 kHz) and G’ is the medium con-
ductance.

When the sum of the C, and C, + C, estimated
above is denoted by C” and the relative permittiv-
ity of the medium is equal to that of water ¢, the
relative permittivity ¢ of the specimen is calculated
from:

e=(C—C")Ci+ ¢y, (15)
where C; is the dielectric cell constant. The con-
ductivity k is calculated from k = Ge,/C,. The
value of C; was 0.01 pF for the chamber used.
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Fig. 3. Frequency dependence of the capacitance and con-
ductance obtained by changing the position of a microcap-
sule between the electrodes. The number of the curves refers
to the position shown in the inset. M and G indicate the
measuring and guard electrode area, respectively

Results

Effectiveness of three-terminal method
for single-capsule measurements

We used a three-terminal chamber to avoid the
fringing field effect, which is inevitable in the two-
terminal measurement. If the three-terminal
method works ideally with the chamber, the
measurement would be confined to the measuring
electrode area (the M-area indicated in the inset of
Fig. 3) and would be not infuenced by materials in
the guard electrode area (the G-area). We,
therefore, examine the effectiveness of the three-
terminal method for single-capsule measurements
in this regard. Figure 3 shows frequency depen-
dence of the capacitance and conductance ob-
tained by changing the position of a microcapsule
from the G-area to the M-area. When the micro-
capsule was just outside of the M-area (Position 2),
the measured capacitance and conductance were
almost the same as those obtained when it was
positioned out of the electrode arca (Position 1).
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Fig. 4. The low frequency capacitance (at 20 kHz) and the
high frequency conductance (at 10 MHz) are plotted against
the position of a microcapsule. M and G indicate the measur-
ing and guard electrode area. The horizontal bars indicate
the diameter of the microcapsule
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When the microcapsule was moved to the
M-area (Position 3), the measured capacitance
and conductance show frequency dependence, i.c.,
dielectric dispersion. The maximum intensity of
the dielectric dispersion was obtained when the
whole of the microcapsule was inside the M-area
(Position 4). Figure 4 shows the position depend-
ence of the low frequency capacitance (at 20 kHz)
and the high frequency conductance (at 10 MHz),
which change critically at the boundary between
the G and M area. This result indicates that the
fringing field effect is satisfactorily eliminated in
the three-terminal chamber.

Phenomenological analysis

Figure 5 shows the frequency dependence of the
relative permittivity and conductivity obtained by
correcting the data of Curve 4 in Fig. 3 for elec-
trode polarization. The complex plane plots of the
same data are also shown in Fig. 6. The dielectric
dispersion was phenomenologically expressed by
a two-step dispersion composed of two Debye
type subdispersions as has been predicted by the
dielectric theory described in the theory section.
Agreement between the measurements and the
curves calculated from Eq. (3) with the best-fit
parameters shown in Table 1 (Specimen 1) is more
than satisfactory; the average deviation of the
measurements from the best-fit curve is less than
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Fig. 5. Frequency dependence of the relative permittivity
and conductivity of a single microcapsule in suspension,
which is calculated from the data of Curve 4 in Fig. 3. The
open circles represent measurements; the solid curves are the
best-fit curves calculated from Eq. (3) with the best-fit dielec-
tric parameters (&, Ty, Tqs &1, 6m and k;) shown in Table
1 (Specimen 1). The curves also agree with the theoretical
curves calculated using the shell-sphere model with the para-
meters in Table 2 (Specimen 1)
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Fig. 6. Complex plane plots of the data in Fig. 5. A) the
complex relative permittivity plane plots, 48" = (x — x;)/we,
and ¢ =g B) the complex conductivity plane plots,
A" = (g — ¢y)we, and k' = k. The solid curves are a super-
position of two Debye type dispersions, each of which is
indicated by the broken line

Table 1. Dielectric parameters obtained by fitting the data of
single-capsule measuremens with Eq. (3) consisting of two
Debye forms

Specimen D K & &m & o S

No. um  uS/cm kHz MHz
1 780 428 1510 101.7 753 741 325
2 740 532 1297 93.6 752 89.1 4.58
3 710 3.89 2027 106.6 762 431 3.12
4 740 541 1396 97.6 75.6 887 411

0.3 dielectric unit. The curve-fitting was made by
means of a nonlinear least squares method with
the Gauss—Newton algorithm. Table 1 shows the
dielectric parameters obtained with several micro-
capsules from the same batch.

Analysis based on shell-sphere model

Using the dielectric parameters estimated
above, we can calculate the phase parameters
K., @,d, & and x; of the microcapsules from the
alternative forms of the relationships described
in the theory section. The calculation is made
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according to a procedure analogous to that of
Zhanget al. [ 1, 2]. Rearranging Eq. (7), we obtain:

A(Kl/Ka)3 + B(Kl/Ka)2 + C(Kl/Ka) + D=0 ’

(16)
where
A= —(aagy) /i,
B = g5.(1, + 14 + €@18,/x1) ,
C= —s&fen(ty —19) + 19(e1 + &n)] — 17,74 »

D = (en/e,)K1Tp T4 -

By solving this cubic equation with the measured
dielectric parameters (ey, T, 7q, &, &m and x;) and
the measured ¢,, we obtain the value of the k/x,
ratio and then the value of x,. The volume frac-
tion @ is calculated from the «,/k, ratio using the
equation obtained from Eq. (4):

20—y

]
2 -+ Kl/Ka

(17)
Since the relative permittivity determined for
polystyrene films is available to that of the shell
phase, ie., & = 2.65 [1], the wall thickness d is
estimated from the following equations:

d=D({ —v'32, (18)

b= (ecl - 8s)/(ec:l + 285) ’ (19)
e+ )2

Eop = ,:81 — &, %jl (;_—@) . (20)

Equations (19) and (20) are obtained from Egs. (9)
and (6), respectively. The relative permittivity of

the aqueous core phase ¢; is calculated from the
equations derived from Egs. (5) and (8):

2(1 —v)eg — (2 + v)ecn
T — (14 20)g, + (1 — v)een
L 2D -2+ Dy
TR (14 20)e, + (1 — D)sy,

The conductivity of the core phase x; is deter-
mined from the alternative forms of Egs. (10) and

(21)

& = &

(22)

(11):
P (23)
=g, & |
e e\ [+ Doy + (1 — Peey]?
hTATR T Mg, 9?2

Ech
+ K, —

a

(24)

The results obtained by these calculations with
the data in Table 1 are shown in Table 2. The
external conductivity x, calculated is in good
agreement with the measured «,. The mean value
of the effective volume ¥V, between electrodes (cal-
culated from V, = nD?/6®) was 1.0 mm>, being
close to the volume expected from the measuring
electrode area and the distance between the com-
mon and measuring electrodes. The values of the
wall thickness d estimated show some scatter be-
tween 2 and 5 um. These values are similar to
those obtained by Zhang et al. [ 1, 2]. The internal
permittivity ¢ is slightly higher than the relative
permittivity of pure water, which might be partly
due to the presence of gelatin, which is requisite
for the microcapsule preparation as an emulsifier.

Table 2. Phase parameters calculated from the data shown in Table 1 using a shell-sphere model on the assumption that

Ky < K, Ky
QObserved Calculated

Specimen
No. €, K, o) Ky & K; d v.®

uS/em uS/cm uS/cm pm mm?3
1 78.6 6.75 0.248 6.41 945 373 4.60 1.01
2 78.6 6.72 0.216 7.51 979 471 5.20 1.00
3 77.8 5.64 0.201 535 86.1 386 2.40 0.94
4 78.6 747 0.217 7.65 95.7 464 4.60 0.99

*) V, is the effective volume of the measuring chamber, which is calculated from V.= nD%/6®.
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The internal conductivity x; is similar to the
conductivity of a 3 mM KCI solution that was
loaded in the microcapsule preparation, but
slightly varies from capsule to capsule. The
diverse values indicate variations in ion cncentra-
tion in the core phase, which result from various
degrees of ion loss from the microcapsules in
distilled water.

Discussion

The present study demonstrates the utility of
a new dielectric technique for characterization of
individual polystyrene microcapsules and its suit-
ability for determination of their electrical and
structural parameters. In addition, the three-ter-
minal measurement employed in this technique is
effective for the single-capsule measurements.

All of the measured dielectric dispersion curves
were phenomenologically expressed by a super-
position of two Debye forms as expected from the
theory based on the shell-sphere model. In most
cases, the analysis with the shell-sphere model on
the assumption that the wall conductivity is much
less than the conductivity of the internal and
external aqueous phases, i.€., kg < K,, K;, provided
reasonable values of the phase parameters, and
agreement between theoretical and experimental
curves was satisfactorily. However, some of the
microcapsules yielded inconsistent results; the
calculation with the estimated phase parameters
failed to reconstitute their measured dielectric
dispersion curves. This may indicate that the as-
sumption for k, does not hold for some microcap-
sules. Hence, we assess the effect of x, on the
dielectric parameters and on the errors in the
estimation of the phase parameters. The calcu-
lation of the dielectric parameters is made using
Pauly-Schwan’s general equation with the following
phase parameters: ¢, = 80, & = 2.65, & = 80,
K, = 5 uS/cm, k; = 500 uS/cm, =02,
D = 700 ym, d = 3 ym and «; is varied from O to
10 nS/cm. As shown in Table 3, the effects of
are confined to the dielectric parameters related to
the P-dispersion, namely, xj, & and f,,, and become
considerable above 5nS/cm for x, or 1072 for
the ,/k, ratio. Next, using these calculated
dielectric parameters, we estimated the errors in
phase parameters calculated from the Egs.
(16—24), which are derived on the assumption of

Table 3. Effect of change in x, on dielectric parameters.
The effects are represented by the differences (%) from the
reference dielectric parameters that are calculated from
Pauly-Schwan’s equation with the following phase para-
meters: &, =80, & =265 =80, «,=35uS/cm,
ks = 0 uS/em, x; = 500 uS/cm, & =0.2, D = 700 ym, and
d=3pum. The reference dielectric parameters are:
K = 3.6365 uS/em, & = 172.2, ¢y, = 1049, &, =764, f, =
46.5kHz and f, = 4.34 MHz

K/mScm ™! 0.5 1 5 10
Ky + 0.61 + 1.18 + 5.69 + 10.89
& —0.58 —1.16 - 528 —9.81
&m 0 0 0 0
& 0 0 0 0
Jo + 043 + 0.86 +4.30 + 8.60
1 0 0 0 0

Table 4. Errors in calculation of phase parameters on the
assumption of k; < k,, k;. The phase parameters are cal-
culated from Egs. (16-24) with the dielectric parameters
shown in Table 3. The errors are represented by the differ-
ences (%) from the true phase arameters: x, = 5.0 uS/cm,
@ =0.2,d=73pum, & = 80, x; = 500 uS/cm

¥, /nScm 1 0.5 1 5 10

Ka 0 0 0 0

P —15 — 35 — 165 —31.0

d —0.33 — 0.66 —333 — 833
& —0.63 —1.25 —6.75 —150

K + 1.12 + 224 + 1142 4 23.58

K¢ < k,, k;. The results are summarized in Table 4.
It is clear that the errors become serious in calcu-
lation of @ and k; when k, is above 5 nS/cm. From
this assessment, we believe that polystyrene
microcapsules with leaky walls (whose «, is more
than 5nS/cm) may be always included to some
extent in the same preparation.

The analysis of the microcapsules with leaky
walls or the estimation of x, is quite important
because the permeability of drugs in the wall and
the ability to retain materials in the microcapsule
constitute main concerns in pharmaceutical and
industrial applications. We are developing
a method to analyze without the assumption for
K, and the details will be discussed in a subsequent
paper.

We thank Dr. K. Sekine and Dr. T. Hanai for
many helpful comments and suggestions.
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Appendix

Electrode polarization is due to an electrical
double layer caused at the boundary between
electrodes and electrolyte solutions, resulting in
a steep increase in capacitance at low frequencies.
The curve of the capacitance for the electrode
effect shifts to higher frequency with increasing
the conductance of the specimen. Figure 7a shows
frequency dependence of the capacitance mea-
sured for Kl solutions with various conductivi-
ties, which are superimposable on each other by
shifting the curves along the axis of logarithmic

5
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31t
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Fig. 7. The capacitance due to electrode polarization.
A) Frequency dependence of the capacitance of KCI solu-
tions with various conductivities. B) The relationship be-
tween the frequency shift and the specimen conductance. The
frequencies f where the capacitance vaue is 2, 3 and 4 pF are
extracted from every curve in (A) and are divided by those of
the reference solution whose curve is indicated by the thick
curve in (A). The frequency ratio f/f, is plotted against the
condutance ratio G/G,, where the subscript r refers to the
reference solution

frequency. In orer to obtain the relationship
between the frequency shift and the specimen
conductance G, the values of frequency f at
which the same capacitance value is obtained
are extracted from every curves in Fig. 7a and
are plotted against the conductance G as shwon
in Fig. 7b, where f, and G, are corresponding
to the reference solution. It is obvious from the
plots that the frequency is linearly related to the
conductance, that is, f/f, =aG/G,+ b, where
a and b are constants. The mean values of a and
b estimated by a least squares method were 0.97
and 0.01 and the correlation coefficient was 0.9998.
Hence, the relationship is roughly represented as

Jlf: = G/G..

References

1. Zhang HZ, Sekine K, Hanai T, Koizumi N (1983) Collo-
id Polymer Sci 261:381-389

2. Zhang HZ, Sekine K, Hanai T, Koizumi N (1984) Collo-
id Polymer Sci 262:513-520

3. Sekine K (1987) Colloid Polymer Sci 265:1054—-1060

4. Sekine K, Hanai T (1990) Colloid Polymer Sci
268:1059-1065

5. Sekine K, Hanai T (1991) Colloid Polymer Sci
269:880-888

6. Asami K, Irimajiri A (1985) Bull Inst Chem Res, Kyoto
Univ 63:259-275

7. Asami K, Irimajiri A (1984) Biochim Biophys Acta
769:370-376

8. AsamiK, Irimajiri A, Hanai T (1987) Bull Inst Chem Res,
Kyoto Univ 64:339-343

9. Asami K, Irimajiri A, Hanai T (1989) Bull Inst Chem Res,

Kyoto Univ 67:207-216

Maxwell JC (1891) A Treatise on Electricity and Magnet-

ism. Clarendon Press, Oxford

11. Wagner KW (1914) Arch Electrotech (Berlin) 2:371-387

. Pauly H, Schwan HP (1959) Z Naturforschg 14b:125-131

13. Hanai T (1968) In: Sherman P (ed) Emulsion Science

Academic Press, London, New York, p 353

Tateno A, Shiba M, Kondo T (1978) In: Becher P,

Yudenfreund MN ({eds) Emulsions, Latices and Disper-

sions. Marcel Dekker Inc, New York, p 279

10.

14.

Received November 17, 1992;
accepted January 21, 1993

Authors’ address:

Dr. Koji Asarmi, Associate Professor
Institute for Chemical Research
Kyoto University

Uji, Kyoto 611

Japan



