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Preface

This thesis is written as a doctoral dissertation presented to the Graduate School of Science and
Technology of Tokai University titled “Dielectric study and evaluation of water structures on various
scales in vivo and in vitro”.

Various biological functions are closely related to the existence state of water with the dynamics of
water molecules included in materials. But it hasn’t been clearly understood yet to interpret physical
properties and life phenomena because of difficulties in observations of dynamic behaviors of water
molecules. Interpretations focusing on the dynamic behaviors of water molecules is then still
important in a wide range of research fields.

In this study, the molecular mechanism was elucidated by universal interpretation focusing on
water structures on various scales in vivo and in vitro for regarding the physical properties and
functions of biological models organized across the hierarchy from the molecular level to the
organizational level using broadband dielectric spectroscopy in the frequency region from 10 MHz
up to 65 GHz, and the validity of the physical properties and function evaluation applied to it was
discussed.

This doctor's thesis is organized as follows;

In chapter 1, the background and purpose of this study were explained with basic matters.

In chapter 2, the principle of the measurement method used for the observation of molecular
motions and the details of the actual measurement method were explained.

In chapter 3, dielectric relaxation and diffusion coefficient measurements by nuclear magnetic
resonance (NMR) methods were discussed for protein-water mixtures and cheeses. The 7—£ diagram
analyzed these aqueous systems and cheese suggested that the hydrogen-bonded network of water
structures in cheese is dispersed with the higher fractal dimensions than those of protein solutions,
since various biomolecules coexist with the gel of proteins in cheese. The fractal analysis using the
7—f diagram was effective to characterize those water structures.

In chapter 4, the penetration depth of the fringing field from open-ended coaxial probes with
different diameters were characterized from TDR measurements applied to the acetone-Teflon
double-layer dielectric model. The penetration depth increases with increasing electrode diameter.
Water structures in vivo was also evaluated by dielectric measurements on the human skin, using the
penetration depth thus obtained from the measurements for the double-layer dielectric model. Skin
measurements on various parts were carried out for two examinees with five types of electrode
diameters, and the results reflected the thickness of the examinee's epidermis. This methodology
suggests an effective method of detailed evaluations for the human skin.

In chapter 5, Biological blood flow was observed by dielectric spectroscopy, ultrasonic blood flow



meter, and laser blood flow meter. Detailed results in dielectric relaxation measurements confirmed
that the relaxation process increased immediately after a sprint in the 1 MHz region where the
relaxation of interface polarization dominantly from red blood cells was observed when the blood
flow before and after sprint of two examinees. Similarly, results from ultrasonic blood flow
measurements are compared with the relaxation strength, and it was found that blood vessels dilated
by sprint and the blood flow velocity slowed. The measurements by the laser blood flow meter also
showed that the blood volume corresponding to the red blood cell number density increased
immediately after the sprint. These results of the dielectric measurements, the laser blood flow meter,
and the ultrasonic blood flow measurements were well corresponded for red blood cells. Dielectric
spectroscopy was able to confirm the state of blood in vivo, suggesting the usefulness of blood
measurement.

In chapter 6, the summary of this thesis and new findings obtained here are organized.

The results obtained in this thesis are likely to lead to the developments for the future research in
biological systems. The present water structure analysis is not limited to biological systems, and it is

expected to expand understanding in various research fields in the future.
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Chapter 1

Introduction

1.1 Background and purpose

The various biological functions are closely related to the state of water and especially to dynamic
behaviors of water molecules. There still remains serious ambiguities, however, in interpretations of
physical properties and life phenomena focusing on the dynamic behaviors of water molecules
because of difficulties in observation and analytical techniques for the water molecules and those
aggregation structures. Then interpretation focusing on dynamic behaviors of water molecules is still
one of the most important subjects in a wide range of research fields including applied researches as
well as fundamental researches.

Water molecules behaves with cooperative Brownian motion, repeating hydrogen bond breaking
and recombination. Previous studies of our research group (RGMS: Research Group of Molecular
complex Systems of Tokai University) [1] has suggested that the dynamic behaviors of water
molecules are interpreted as a dynamic cluster structure with an average of 5 to 6 water molecules
and/or the dynamic behavior of the hydrogen bonded network due to the rate process of generation
and corruption of hydrogen bonds with the correlation length. Dielectric studies on pure water shows
that dynamic behaviors of water molecules are observed as Debye-type single relaxation process
with the relaxation time 7 of 8.27 ps at 25 °C [2-5]. The relaxation time is a characteristic time for
the rotational diffusion of molecules, while the presence of a small relaxation process reflecting
more local dynamics has been reported in one or more-digit higher frequency range of THz region.
The elementary process of breaking and recombination of hydrogen bonds among molecules may be
closely related to this THz frequency process, however, a detailed discussion of this has yet to be
completed. In the case of water-mixed systems, dynamic behaviors are characterized by slow
dynamics with a delay in the average dynamics of water molecules and a broadening of the
distribution. The agglomeration structure due to the dynamic behavior of water molecules containing
a hydrogen bonding network is called “water structure”.

In the case of biological tissues, biomolecules such as proteins, nucleic acids, and lipids interact
with surrounding water and other molecules to form hierarchical structures. In the hierarchical
structure, water molecules are also incorporated and structuring, causing slow dynamics. The
considerations of slow dynamics with structuring water molecules is a universal concept which is
common for the study of liquid structures. Researches on the molecular mechanism of these water

structure formations and the manifestation of physical properties and functions are gradually



progressing. However, the interpretation of water structure is still often unclear even in a typical
complex dynamics of water molecules, and there exist many phenomena that have not been fully
elucidated.

In the recent dielectric spectroscopy analysis of water-mixed systems containing various solute
molecules and dispersed particles from polymers to low molecular weight liquids, we have
systematically investigated relaxation processes caused by hydrogen bond network dynamics. It
was found that the water structure of various water mixing systems reflects the agglomeration
structure of solutes and dispersed particles from the characterization by 7—f diagram [6-8] obtained
from the relaxation time 7, and the relaxation time distribution parameter S, in the Cole-Cole
equation [9]. The fractal concept using 7—f3 diagrams is extremely broad, allowing universal analysis
and discussion of water structures at various scales from the microscopic molecular level to the
macroscopic level of material structures including biological tissues [10, 11]. In addition, since
dielectric spectroscopy with open-ended coaxial electrodes allows non-invasive measurements, the
measurement target regardless of in vivo or in vitro, and it is possible to discuss uniformly various
measuring object.

In this study, the molecular mechanism was elucidated by universal interpretation focusing on
various water structures for regarding the physical properties and functions of biological models
organized across the hierarchy from the molecular level to the organizational level using microwave
dielectric spectroscopy (10 MHz to 65 GHz), and the validity of the physical properties and function

evaluation applied to it was discussed.

1.2 Dielectric theory

In this section, the dielectric theory will be described based on the static dielectric constant [12,
13].

In the case of one parallel plate capacitor placed in a vacuum, a charge surface density 4 charge is
stored in the polar plates when a voltage V' is applied between the polar plates. The distance between
the polar plates is d, the area of the electrode plates is S, and the charges on each polar plate are -c,S

and +00S. The magnitude of the electric field generated by this charge is given as

E = @, (1.1)

€o
where & is the dielectric constant of a vacuum. The absolute value of the voltage applied across the
capacitor to charge +oS is
vV = |E|d. (1.2)
The centers of positive and negative charges are shifted and dielectric polarization occurs when a

dielectric material is inserted between the polar plates. The voltage when a dielectric material is



inserted can be expressed as
o
E=- 1.3
~. (1.3)
where ¢ is the dielectric constant when a dielectric material is inserted. The relative dielectric

constant &, is expressed by the ratio of these dielectric constants as

Er = 8—0 , (1.4)
where & is called that dielectric constant.

A polarization charge with a charge surface density +op opposite to the charge supplied from the
power source is generated in the vicinity of the polar plate due to the polarization. The magnitude of
the dipole moment due to the polarization charge is +opSd. The magnitude of the dipole moment is
proportional to the volume and is equal to op per unit volume. When proportional to the electric field
to which polarization is applied, this is expressed as

P = y¢,E, (1.5)
and its magnitude is
|P| = 0p = x&kE, (1.6)
where y is the dielectric susceptibility.
A portion of the charge that is canceled by the polarization charge must be supplied to maintain the

voltage between the polar plates. The charge surface density stored in the polar plate is expressed as

o =0y +0p

= goE + x¢yE
=1+ x)eyE
= &.§FE. (1.7)
The electric flux density D can be expressed as
D = ¢g.¢E. (1.8)

1.3 Dielectric relaxation phenomenon

Dielectric polarization can be classified into electronic polarization, ionic polarization, and
orientation polarization. The time from application of an electric field to the arrival of equilibrium is
short in the order of electronic polarization, ionic polarization, and orientation polarization.
Orientation polarization occurs when molecules with a permanent dipole moment are oriented in the
direction of the electric field. The dynamic properties of the molecules in the dielectric change
periodically, therefore, a complex dielectric constant is introduced. A periodic electric field

expressed as

E(t) =Eycoswt, (1.9)



is applied to the dielectric material for a long time. The electrical displacement D, also changes

periodically, and the phase changes to show the phase difference ¢ as

D = Dy cos(wt — ¢)

=Dicoswt+ D, sinwt, (1.10)
however, there are the following conditions:
Dy = D, cos ¢,
D, = Dy sin ¢. (1.11)
Dy is generally proportional to Ey, therefore, it is expressed as
D, = €'¢yE,,
D, = &'gyE,. (1.12)
The formula introduces is expressed as
g =¢' —je, (1.13)
where ¢* is the complex permittivity and j is an imaginary unit. The electric field is rewritten as
E =E(t) = Ejexp( — jwt), (1.14)
and can be expressed as
D = e"¢yE, (1.15)

which is the same form as the static dielectric constant.
When an electric field E(u) is applied to a dielectric material containing a permanent dipole
between time u and u + du, it is expressed as
dD(t) = a(t —u)eoE(u)du, (1.16)
where o(t-u) is a dielectric aftereffect function, which indicates that dD(f) decreases due to
relaxation of the orientation polarization. There are components in electrical displacement that can
keep up with changes with only a slight time delay. If the term is g.&£E(u), then it is expressed as
dD(t) = e, 60E(w)du + a(0)eyE(w)du, (1.17)
where it is assumed that o takes a constant value of a (0), while u < ¢ < u+du.
An electric field E(u) that starts with ¥ = 0 and changes with time is applied to the dielectric

material. If the electric displacement D(¥) is linear, then it is expressed as
D(t) = £,£0E(t) + [ a(t —u)goE (wWdu. (1.18)
This can then be expressed as
D(t) = £,80E(t) + & Eo(t) [, exp(— jot)a(t —u)du. (1.19)
when the electric field is applied for a long time. The complex permittivity is expressed as

e =g, + foooa(x) exp( — jwx)dx, (1.20)

from Eq. (1.15). Assuming the following equation,

4



a(x) = %exp( — %), (1.21)

then the following equation

N _ Es—Ey [© . X
£ =g, == N exp( jwt T), (1.22)
is obtained. Solving this integral gives,

Eg—E& Aeg
-, =22 =—— (1.23)
1+jwt 1+jwt

which is called the Debye equation, where &, is the high-frequency limit of the dielectric constant, &
is the static dielectric constant,4¢ is the relaxation strength, and 7 is the relaxation time.

In the case of a relaxation process by orientation polarization of a molecule having an electrode
dipole moment, the relaxation time 7 is a measure of the speed of molecular motion, and the
relaxation strength Ag is dependent on the magnitude of the dipole moment, the number in a unit
volume. Debye's equation can be used to describe experimentally obtained relaxation processes of
pure water.

However, any actual dielectric measurement results cannot be well described by Debye's equation.
Cole. K. S. and Cole. R. H. expressed the relaxation function as
. B Ag
T L GwryY (0<p<1) (1.24)
which is known as the Cole-Cole equation [9]. S is the relaxation-time distribution parameter. This
Cole-Cole equation can well describe a symmetrically spreading relaxation. Though Eq. (1. 24) has
been treated as an empirical expression, physical meaning of the shape parameter, 5, couldn't been

theoretically explained until 1990's, as shown in following section.

1.4 Fractal concept

Fractal structure representation is used to characterize the water structure. In this section, the
concept of a fractal is briefly explained.

Consider the case where a similar structure is embedded at a different scale. If a part is taken out
and enlarged as much as the whole, then a structure similar to the original structure can be obtained.
Alternatively, the overall reduced structure can be considered as a part of the original structure,
which is termed self-similarity [14, 15].

Mandelbrot realized early on that many patterns found in nature are self-similar. It has been argued

that self-similarity is often hidden, even in featureless random patterns. Mandelbrot proposed a new

5



concept of fractals and attempted to describe a pattern that showed self-similarity. A pattern with this
self-similarity is called a self-similar fractal.

Consider regular self-similar fractals, taking the Koch curve for example, which is very often used
when discussing fractals. A Koch curve is a figure obtained by dividing a line segment into three
equal parts and indefinitely drawing an equilateral triangle with two divided points as vertices. The
length of the Koch curve obtained by repeating the operation indefinitely cannot be defined because
the length of the line segment is turn out four-thirds times in one-time operation. Thus, the
characteristic of the self-similar fractal is that no characteristic length is found in the pattern. The
Koch curve is a continuous but non-differentiable curve.

Quantification of self-similar fractals and expressing them numerically is the quantity called fractal
dimension. The fractal dimension is the most important quantity that characterizes self-similar

fractals.

1.5 Fractal analysis

The 7—f diagram is obtained from the relaxation time 7 and the Cole-Cole parameter that is the
relaxation time distribution parameter £ obtained from dielectric spectroscopy measurements. The
7—f diagram represents the water structure reflecting the polymer structure and dynamics in the
water-mixed system, and the plotted area is divided according to the type and structure of the
polymer, such as an aqueous solution system or a gel dispersion system.

Ryabov et al. expressed the relationship between the Cole-Cole parameter £ and the relaxation time
zin the fractal structure expression [16]

B= dg In(zw))
2 In(z/z,)

where 7 is the cutoff time of the scaling in the time domain, dg is the fractal dimension of the point

(1.25)

set where relaxing units interact with the statistical reservoir,

w, =2d,G"D_|R} (1.26)
is the characteristic frequency of the self-diffusion process where dr is the Euclidean dimension, Ds
is the self-diffusion coefficient, Rois the cutoff size of the scaling in space, and G is a geometrical
coefficient approximately equal to unity.

A recent approach using the switching model of hydrogen bonds to explain the molecular
mechanism of 10 GHz frequency process of dielectric spectroscopy for alcohols in polymer
solutions suggests that the process reflects a rate process of exchanging hydrogen bonds. The
collective dynamics of hydrogen bonds exhibit dynamic behaviors of the hydrogen bonding network
for various water structures. The fractal analysis suitably characterizes such dynamic networks

because of the fractal nature of water structures in complex systems [17].
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Chapter 2

Experimental methods

Experimental techniques for dielectric and nuclear magnetic resonance measurements have been
developed especially for water structure analysis by our research group. These techniques have
already been reported in various scientific journals and in reports on various research projects. In this

chapter, an outline and some details of original techniques with measuring systems are described.

2.1 Dielectric spectroscopy

Polarization P occurs when an electric field is applied to a dielectric material. P is expressed as

D =¢.eqF =¢yE + P, 2.1

from the relationship between the electric flux density D and the electric field E, where & is the
dielectric constant in a vacuum, &, is the relative dielectric constant, and & is expressed as

& = /&, (2.2)

where ¢ is the dielectric constant of the dielectric material. The relative permittivity & in an AC

electric field is defined as the complex permittivity £* as follows
e =¢ —je", (2.3)
where j is an imaginary number, and &’ and ¢” are defined as the dielectric constant and dielectric

loss, respectively.

2.1.1 Time Domain Reflectometry (TDR) method

The Time Domain Reflectometry (TDR) method [1-4] is a technique used to measure the complex
dielectric constant in the frequency range from 100 MHz to 65 GHz. A reflected signal that includes
information on the dielectric constant of the sample is observed when a step pulse is incident on the
sample. The frequency dependence of the complex dielectric constant can be obtained by measuring

the reflected signal in the time domain and performing a Fourier transform.

Direct method
The complex permittivity of the sample can be expressed by the basic equation of the TDR method
as
¢ v,—-r
£r=— L — XcotX, (2.4)
joyd vy+r



where ¢’ is the speed of propagation in the coaxial line, vo and r are the Laplace transforms of the
incident and reflected pulse waveforms, respectively, X is (wd/c)e*'?, X cot X takes into account
propagation and multiple reflections in the sample and the coaxial-line geometry, and d is an
electric length. This equation shows that the complex permittivity of the sample can be obtained

from measurements of the incident and reflected pulses.

Reference method

The reference method uses the difference between the reflected signal from a standard sample with
a known complex dielectric constant and the reflected signal from an unknown sample. Water,
acetone, methanol, and dimethyl sulfoxide (DMSO), and so on with known complex dielectric
constants are used as standard samples. The reference method is more accurate than the direct
method.

The basic equation of the direct method is expressed as

¢ Vy(w)— Fs(@)
e = — 0 % Xicot Xe
Joyd vyo) + s

' 2.5)

' V(o) — ()
&+ = 0 7% X.cot Xx

Jjoyd vy + rxo)

where the complex permittivity of the standard sample is defined as &* and the complex permittivity
of the unknown sample is defined as &*. For these equations, when the incident wave v (@) is
eliminated and &* is solved, it is expressed as
l+p—7— c'Js
joyds~ f, (2.6)
Joyds+ f.
c' fo

_ 7"5(0)) - rx(a))
T (@) + (o)

Exx = Es *
I+p

wd& - @.7)

C

wd &+

C

ﬁszCOtAX;,Xv:

fr = Xvcot Xx, Xx =

This equation is the basic equation of the TDR method by the reference method.

2.2 Impedance measurement method

The capacitance changes to a value that reflects the dielectric constant of a dielectric material when

it is inserted into a capacitor having a known capacitance. A capacitor with a dielectric material
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inserted can be considered equivalent to an RC parallel circuit. Therefore, the complex permittivity
specific to a substance can be obtained from the capacitance component Cp and resistance
component Rp of this equivalent circuit [5, 6].
The admittance for a capacitor when a dielectric material is inserted is expressed as
Y =jwC, (2.8)
where C is the capacitance. When the capacitance Cy of a known capacitor changes depending on the

complex permittivity of the dielectric material, it can be expressed as

Y =jwC
= jwCye"
= wCye" + jwCye'. (2.9)
This is equivalent to an RC circuit, therefore, the admittance can also be expressed as
1 .
Y = E + jwC,. (2.10)
The complex permittivity can be derived from Egs. (2.9) and (2.10) as
C
! p
E =— 2.11
e @.11)
1
g = . (2.12)
(L)C()Rp

2.3 Frequency sweep dielectric measurement method

The signal source sends a single frequency signal to the material. The receiver is tuned to that
frequency to detect the reflected and transmitted signal from the material. The amplitude and phase
data of that frequency can be obtained from the measured response. The signal source is changed to
the next frequency, the measurement is repeated, and the reflection and transmission response is
obtained as a function of frequency. The complex dielectric constant £*(w) is obtained following the
procedure reported by Bao et al. [7] from the complex reflection coefficient I'*(w), through the
relationship
Aj ()M (w) -4z (w)

eO) =T @

(2.13)

where Aj(w) (j = 1, 2, 3) are frequency-dependent complex constants that can be obtained from a

calibration procedure performed with air, short connections, and water [8].

11



2.4 Pulse Field Gradient - Spin Echo method of Nuclear Magnetic

Resonance (PGSE-NMR)

In the Pulse Field Gradient - Spin Echo method [9, 10], spatial anisotropy is applied by a gradient
magnetic field, and the diffusion coefficient D is measured from the disorder of the phase of the
magnetic dipole. The self-diffusion of molecules is calculated from the echo signal attenuation. In
the spectrum decay process when the gradient magnetic field is changed with respect to the sample,
the echo signal intensity is 4, the spectrum intensity obtained with the first gradient magnetic field is
A(0), and the spectrum intensity after that is 4(J), These ratios are expressed by Stejskal-Tanner’s
formula

In [%] = —y282g°2D (A — g) (2.14)
where yis the gyromagnetic ratio, g is the magnetic field gradient, J is the field gradient pulse

duration, and A is the separation of gradient pulses.
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Chapter 3
Complementary Analyses of Fractal and Dynamic Water

Structures in Protein-Water Mixtures and Cheeses

3.1 Introduction

Water is a typical hydrogen-bonding liquid consisting of molecules having hydroxyl groups with
both donor and acceptor site of hydrogen bonding. Water molecules exhibit Brownian movements,
repeating breakup and recombination of hydrogen bonds. The breakup and recombination are
considered as elementary processes of intermolecular correlations in the liquid structure, and
interpret a model in which a concept of the dynamic cluster formed by 5-6 water molecules is often
used today [1]. Generation and annihilation of such dynamic clusters of water molecules observed as
a single relaxation process of Debye type by dielectric spectroscopy suggests why specific behaviors
of the water are shown. The relaxation process observed for water indicates that the relaxation time 7
is 8.27ps at 25°C [2-5]. The relaxation time is a characteristic time of rotational diffusion of
molecules, while the presence of a small relaxation process reflecting more local dynamics has been
reported in one or more decades higher frequency range of THz region. The elementary process of
break up and recombination of hydrogen bonding may be closely related to this THz frequency
process, the detailed discussion has not been completed yet.

A dynamic agglomeration structure of water molecules interacting with surrounding molecules
identified by those dynamics behaviors is called water structure. In recent years, molecular
mechanisms forming water structures has been extensively investigated in various polymer-water
mixtures, and an importance to incorporate the handling of hydrogen bond network is pointed out in
the interpretation of water structures. However, the dynamic range of molecular behaviors of water
is extremely wide under various conditions, and those understanding have been delayed due to the
dearth of enough wide time scale in conventional observation techniques. Then complementary
experimental techniques of molecular dynamics in different time scales must be effective to discuss
water structures in a wide time scale. The interpretation thus focused on the dynamic behavior of
water molecules should be effectively employed in extensive area of applications as well as
fundamental researches [6].

The relaxation time obtained for the relaxation process due to molecular dynamics of water
increases and the distribution is broadened with increasing concentration in polymer-water mixtures.

This behavior is called slow dynamics, and is an important concept to explain liquid structures,

14



polymers, proteins, nucleic acids, and lipid molecules in biological systems, in which hierarchical
structures of water molecules with solute molecules and dispersed particles appear. In order to
characterize these hierarchical structures, fractal concept should be helpful because of the multi
scaled treatment [7, 8]. It is reasonably expected that the fractal concept can be utility to characterize
various water structures.

The fractal expression of the relaxation process for water molecules obtained by dielectric
spectroscopy has been developed to apply to various aqueous systems [9, 10]. When exponential
hyperbolic type dipolar correlation function corresponding to Cole-Cole equation [11] was compared
with memory function, it was shown that exponent of Cole-Cole type and spatial-temporal fractal

dimension are well corresponding. Cole-Cole equation is expressed as
Ag

T Gar)” (0<p<1) (3.1

where &* is the complex dielectric permittivity, &, is the high frequency limit of the dielectric

®
E — &=

constant, A¢ is the relaxation strength, j is the imaginary unit, @ is the angular frequency, 7 is the
relaxation time, and £ is the relaxation time distribution parameter. The space fractal dimension to
scale the volume division size of the relaxation structure unit is obtained from Eq. (3.1) with a
relationship between, the relaxation time, and the exponential of Cole-Cole type relaxation time
distribution through relaxation processes dependent on the water content.

In this study, we performed TDR measurements on protein-water mixtures and cheeses in order to
investigate water structures. NMR measurements on diffusion process of water molecules are also
performed to compare the results with the relaxation parameter obtained from TDR measurements. It
is expected that molecular dynamics related with the rotational and the translational diffusion,
respectively, by TDR and NMR measurements with different characteristic time scales of
observation are compared. Fractal analysis using the 7—f diagram obtained from TDR measurements
is also examined to discuss hierarchical structures of water and proteins. We focus on the space

fractal dimension as physical quantity to characterize water structures of water mixtures.

3.2 Experimental

3.2.1. Sample Preparations

Albumin from bovine serum (BSA), Ovalbumin (OVA), and Lysozyme from Chicken Egg-White
(CEWL) were purchased from Sigma-Aldrich. Each protein was mixed with distilled water
(Millipore, ultrapure water with resistivity higher than 18.2 MQ + cm). Each protein concentration
was adjusted to 5, 10, 20, 30, and 40 wt%.

Various kinds of cheese available in market were purchased. Prepared in the present work were

mozzarella cheese (KRAFT), camembert cheese (MEGMILK SNOW BRAND Co.,Ltd.), cream

15



cheese (Bel Japon K.K.), processed cheese (MEGMILK SNOW BRAND Co.,Ltd.), gouda cheese
(TOKYO DAIRY CO.,LTD), and red cheddar cheese (TOKYO DAIRY CO.,LTD).
Samples were kept in the refrigerator before measurements, and the sample temperature was kept

at 25.0+0.2 °C during both TDR and NMR measurements.

3.2.2 Time Domain Reflectometry Measurements and Fractal

Analysis

Digitizing Oscilloscope Mainframe (HP 54120B) and its Four Channel Test Set (HP 54124A) was
employed as the TDR system [12-16] to make dielectric measurements especially for a relaxation
process due to molecular dynamics of free water in the frequency range from 0.1 to 30 GHz.
Reflected signal including information of the dielectric behavior of the sample responding to the
incident step pulse was observed.

The complex permittivity of the sample can be expressed by the basic equation of TDR method
[12-14] as

'
' vy-r

_ja)}d Vo +F

where ¢’ is the speed of propagation in a coaxial line, vo and r are the Laplace transforms of the

&* XcotX (3 2)

incident and reflected pulse waveforms, X cot X is propagation and multiple reflections in the sample
and coaxial line geometry, and » is a value of corrective coefficient. Since accuracy would be better
off using the difference method [12-14].

50Q semi-rigid coaxial cable (SUHNER) with outer diameter d = 2.2 mm and electric length yd =
0.165 mm is used for electrodes of the TDR measurement.

The 7—f diagram shows the characteristic behavior of slow dynamics for each material, and some
tendencies were obtained for the type of polymers.

Ryabov et al. expressed the relationship between the Cole-Cole parameter £ and the relaxation
time 7 in the fractal structure expression[9]

_d; In(ro,)
p= 2 In(z/z,)

where 7y is the cutoff time of the scaling in time domain, d is the fractal dimension of the point set

(3.3)

where relaxing units are interacting with the statistical reservoir,
_ 2/d 2
w, =2d,G""D,/R; (3.4)
is the characteristic frequency of the self-diffusion process where dr is the Eucidean dimension, Ds
is the self-diffusion coefficient, Ry is the cutoff size of the scaling in the space, and G is a

geometrical coefficient approximately equal to unity.
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3.2.3 Frequency Sweep Dielectric Measurements

Frequency sweep dielectric measurements were carried out using a Vector Network Analyzer
(Agilent N5230C) with a dielectric kit probe (Agilent 85070E) in the frequency range from 0.5 to 50
GHz.

VNA measurements offers the complex reflection coefficient I'*(®w), from which the complex
dielectric constant £*(w) is obtained following the procedure reported by Bao et al.[17], through the

relationshi
’ 4 (@) (0)- 4:(0)

A (@)-T" (o) (35

where Aj(®) (j = 1,2,3) are frequency-dependent complex constants which can be obtained from

&'(w)=

calibration procedure performed with air, short connections, and water[18].

3.2.4 Pulse-Field Gradient Spin-Echo Method of Nuclear

Magnetic Resonance

Nuclear magnetic resonance (NMR) measurements were performed by 'H 90 MHz, FT-NMR,
INM-EX90 (JEOL) for water proton translational diffusion coefficient. Pulse-Field Gradient
Spin-Echo (PGSE) method of NMR was used to obtain the diffusion coefficient of water molecules
with the gradient field applied parallel to z-axis of rectangle shape of length 6in a Spin-Echo pulse
sequence.

In this method, we obtained echo signal at a number of different gradient pulse length, o. The
self-diffusion of molecules is calculated from the echo signal attenuation [19]. The echo amplitude is
given by following equation [20],

A) | _ _ 2s2 2 4

where A4 is the echo signal intensity, ¥ is the gyromagnetic ratio, g is the magnetic field gradient, J'is

the field gradient pulse duration, and 4 is the separation of gradient pulses.

3.3 Results and discussion

Typical dielectric relaxation spectra obtained by TDR measurements for protein-water mixtures
with various concentrations are shown in Fig. 1, where the real part £” and imaginary part &” of the
complex permittivity are plotted as a function of frequency f. The relaxation process observed
around 10 GHz is considered to be due to rotational diffusion process of water molecules from the

relaxation time and the strength. The lower frequency processes reflecting ion behaviors, chain
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dynamics, and restricted water molecules are also usually shown for aqueous systems in lower
frequency region below 1GHz. The lower frequency processes are larger for CEWL than those for
BSA, because the ion concentration is probably larger. Fig.1 shows that dielectric constant is smaller
with increasing protein concentration because of decreasing water content. Fig.2 shows the
concentration dependence of the relaxation parameters obtained from fitting procedures of Eq. (3.1)
to experimental data shown in Fig.1. The relaxation time 7 increased and the relaxation-time
distribution parameter £ and the relaxation strength Ag decreased with increasing protein
concentration. Since A¢ means a magnitude of orientation polarization by dipole moments of water
molecules, the decrease in the relaxation strength accompanied by the increase in protein
concentration reflects decreasing number density of water molecules in the mixtures. The decrease in
p reflecting broadening relaxation curves evaluates the relaxation time distribution, which is
corresponding to increasing fluctuation of the dynamics of water molecules caused by larger
interactions with protein molecules. The increase in 7 shows that the mobility of water molecules
decreases by increasing in between polymer chains and water molecules. In these behaviors, the
relaxation time is given as a characteristic time of the dynamics of water molecules on the average.

Fig.3 shows the concentration dependence of the diffusion coefticient of water molecules obtained
from PGSE-NMR measurements for protein aqueous solution. The diffusion coefficient of pure
water is 2.32x10%/cm?s’!. The diffusion coefficient decreases, as protein concentration becomes
higher. This tendency of concentration dependence is corresponding to that obtained for the
relaxation time of dielectric spectroscopy. In the relaxation profile obtained by TDR, the rotational
diffusion process of water molecules and the distribution are ranging in time scale of picosecond
order. On the other hand, the diffusion coefficient of the translational motion obtained by NMR
measurement is ranging in millisecond time scale. Then it is suggested that both of rotational and
translational diffusion processes are similarly restricted by increasing concentration, and the
restriction also affects the mobility in the same manner in picosecond and millisecond time scales.

Dielectric relaxation spectra observed by VNA measurements for various kinds of cheeses are
shown in Fig.4. The lower frequency processes are smaller than those observed in protein solutions.
It is reasonable to consider that the ion mobility should be smaller in cheese than solutions. The
relaxation parameters for the GHz frequency processes were obtained by the same procedures with
the case of protein solutions, and are listed in Table 1.

Since there exist some difficulties in evaluation of exact water content of cheese because of the
existence of water molecules which cannot be easily removed by usual procedure, the water content
is represented by the relaxation strength in the present work. The relaxation strength dependence of
the diffusion coefficient of water molecules for cheeses is shown in Fig.5. The diffusion coefficient
tends to decrease with decreasing A¢ as shown in Fig.3 for protein solutions. The plot for camembert

cheese is shown in the smaller side of the tendency. This deviation should be attributed to the

18



heterogeneity of hydration.

Generally, aqueous systems show varieties in concentration dependences of relaxation parameters,
and it is difficult to find out any universal explanations of water structures. The 7/ diagram created
as a relaxation between the average characteristic time and its distribution of water structures is a
possible tool as a universal treatment. In our former reports, we indicated that solution systems and
dispersed systems were classified and characterized by the locus plotted in the 7=—f diagram [21, 22,
23]. Plots of the dispersion systems were shown in the diagram as extended lengthwise forms, and
the value of the fractal dimension of the dispersion systems was smaller than 1.0. Any conventional
techniques to classify solutions and dispersed systems with a common criterion have not been shown
so far.

Fig.6 is 7—f diagram for protein solutions and cheeses. Plots for the present samples were shown
in the diagram as extended lengthwise forms, and they are in the area for dispersion systems in Fig.6.
Table 2 shows the space fractal dimension, the characteristic frequency of the self-diffusion process,
and cutoff time that were obtained by the least-square fit method of Eq. (3.3) with experimental data
according the plot of the 7—f diagram. The values of the fractal dimension thus obtained were
0.03+£2.45 for BSA, 0.03+£1.70 for CEWL, and 0.22+0.89 for OVA. These values are much smaller
from those obtained for usual aqueous solution systems, and the error is much larger than usual
solutions. Usual values of the fractal dimension obtained for water structures in aqueous polymer
solutions are about 1.3-1.5, and error is 0.02-0.71. Water structures with the small fractal dimension
give only small increase in the relaxation time with increasing concentration. Then, in order to
determine the fractal dimension from the /g diagram, a sufficient high-concentration domain is
necessarily required. However, it is fairly difficult to prepare high-concentration samples especially
for dispersion systems, and the global image of trajectory of the plots cannot be obtained. Therefore
the magnitude of error and the fractal dimension are correlated each other, and it is unavoidable to
have a large error of the fractal dimension from the geometric condition for dispersion systems [24].

It turns out that physical sense of one or less value of the fractal dimension is proceeding
agglomeration in dispersed system from knowledge of our geometric model calculation. The value
of such a small fractal dimension is not unreal for dispersed system, and it is strongly dependent on
the spatiotemporal scale of analyzing method [25]. The process of the slow dynamics reflects the
conformation of polymer chains and those agglomeration structures, and also hydrogen bonding
ability. Therefore, characterization of the slow dynamics is not determined only by the absolute
value of fractal dimension but also by the geometric feature of the domain where the locus of a plot
appears in the = diagram. In the eyes of slow dynamics of water structures shown in the =/
diagram, protein solutions and cheeses have quite similar water structures with the characteristics of
dispersed systems.

The variations of plots obtained for the various kinds of cheese are also shown in Fig.6. Even with
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the difference in different kinds of cheese, all plots for cheeses show the water structures of typical
dispersion systems. Fig.7 shows plot of the relaxation-time distribution parameter against the inverse
of the diffusion coefficient for various cheeses. Figs. 7 and 6 are resembled, and 1/D-£ plot might be
also a candidate of a effective tool to characterize water structure. The Stokes-Einstein equation is

described with the diffusion coefficient as
kT

B

D=
6TnR. (3.7)

where kp is Boltzmann’s constant, 7" is the absolute temperature, 7 is viscosity of surrounding

medium and R is hydrodynamic radius of the motional unit. The Debye-Stokes-Einstein equation is

described with the relaxation time as
_rn
[P kT (3.8)
where V' is volume of the motional unit. Then the relaxation time corresponding to the inverse of the
diffusion coefficient suggested by Eq. (3.7) and Eq. (3.8) support the accordance of Figs. 6 and7.

Figs. 8 and 9 show the relaxation strength dependence of the relaxation time and its distribution

parameter for cheese. The relaxation strength reflects the water content as expressed by equation as

C=p, AA; (3.9)
where py and A&, are the density and the relaxation strength of pure water, respectively [23].
Considering that the relaxation strength is proportional to the water content, Figs. 8 and 9 can be
treated as usual concentration dependence of physical quantities shown inFig.2. Figs. 8 and 9 show
the deviation of the plot for camembert cheese because of the heterogeneous hydration as shown in
Fig.5.

The relaxation strength dependence of the relaxation time and its distribution parameter are also
shown in Figs. 10 and 11 for protein aqueous solutions. These results indicate the similar tendency
with Fig. 2. It is reasonable to consider that water structures interacting with protein structures
included in cheese and protein solutions are not necessarily same, since the protein structures,
denaturalization, and various additives affect water structures. Actually in the fractal analysis, the
—f3 diagram shows different water structures with different values of fractal dimension, however,
the water structures in various kinds of cheese and protein solutions are clearly classified in
dispersion systems. Fractal analysis with the =/ diagram using geometric characteristics of the

whole diagram can be an effective tool to characterize various water structures.

3.4 Conclusion

It was found that the relaxation profile obtained from TDR measurements indicated that restricted
water structures show typical slow dynamics in the picoseconds time scale. The slow dynamics

observed for the diffusion process of water molecules observed by PGSE-NMR in millisecond time
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scale also shown the similar behavior, even if those physical quantities and the time scales of
respective observation techniques were considerably different. Fractal analysis of protein solutions
by TDR measurements suggested that water structures in both systems were same with usual
dispersion systems much more than solution systems. The fractal analysis with the 7/ diagram

using geometric characteristics of the whole diagram is effective to characterize various water

structures.
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Fig. 1. Frequency dependence of dielectric constant and loss for 5(O), 10(C1), 20(A), 30(), and
40wt%(V) BSA and 5(@), 10(H), 20(A), 30(®), and 40wt%(¥) CEWL aqueous solutions at
25°C.
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Fig. 2. Concentration dependence of the relaxation strength Ag, the relaxation time 7 and the

relaxation time distribution parameter [J for BSA(O) and CEWL(<{>) aqueous solutions at 25°C.

23



7[I;X 10]
25 &
20 | QQ Q

1.5 8 8

1.0

05

Diffusion coefficient / cm?s!

0.0 1 1 1 1

0 10 20 30 40 50
Concentration / wt%

Fig. 3. Concentration dependence of the diffusion coefficient for BSA(O), CEWL(<>) and OVA( )

aqueous solutions at 25°C.

60 ' ' :

log (f/ Hz)

Fig. 4. Frequency dependence of dielectric constant and loss for wvarious kinds of

cheeses(mozzarella[ €], camembert[ ], cream[ % ], processed[™ ], gouda[D], and red cheddar[ +]).

24



[1 X 105]

o)

1
~
h

20

15

wl o O

0.5 -A

5
=

Diffusion coefficient / cm?s
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Fig. 6. Diagram of the relaxation time versus the relaxation-time distribution parameter of Cole-Cole
equation for water( X), BSA(O), CEWL(<), OVA(¥), PEG(@®), PVP(H), PVME(Y), PVA(A),
PAIA([), and PEI(V). The inset is the [1[1] diagram for proteins(%) and cheeses(mozzarella[ 4],
camembert[ ], cream|[ * ], processed[™ ], gouda[[>], and red cheddar| +]).
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Fig. 8. Plots of the relaxation strength versus the relaxation time for water(X), mozzarella(O),
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Tablel. Relaxation parameters for water and various kinds of cheeses.

sample Ag T/ ps p
mozzarella cheese 38.5 11.8 0.88
camembert cheese 37.1 11.5 0.82

cream cheese 29.9 10.0 0.86
processed cheese 24.5 11.8 0.82
gouda cheese 18.71 13.5 0.80
red cheddar cheese 17.0 14.8 0.73
water[26] 73.2 8.27 1.00

Table 2. Relaxation parameters obtained from the fitting procedures for the 7—f diagram.

dimension Error frequency Error cut off time Error
Sample
dc Feqc os (Hz) Feuns 70 (s) Feq
BSA 0.03 2.45 1.92 X104 1.04 X 10% 3.36 X102 491 X102
CEWL 0.03 1.60 4.88X10% 1.52X10% 2.67 X102 2.87 X102
OVA 0.22 0.89 1.93 <10 6.71 X 10" 3.66 X 1012 1.88 X101
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Chapter 4
Electric-field penetration depth and dielectric spectroscopy

observations of human skin

4.1 Introduction

The characteristics of biological materials are closely related to their water content. Consequently,
measurements of the dynamics of water molecules are important in order to understand the structures
of hydrous materials and their biological functions. Human skin is composed of three layers termed,
sequentially inward from the surface, the epidermis, dermis, and subcutaneous tissue. The water
content of the epidermis is lower than that of the dermis,! 2 and it behaves as a protective barrier
against drying and external irritation. The existence of bound water®® is often suggested, even for
human skin.” It is not easy to determine the variation of the water content with depth, and
measurements are difficult, since water molecules exhibit complex variations on different temporal
and spatial scales.

Dielectric measurements using Time Domain Reflectometry (TDR) make it possible to observe
relaxation processes that reflect the molecular motions of water. The relaxation process is caused by
the formation and disappearance of dynamic clusters of water molecules. For free water molecules,
the relaxation time is 7= 8.27ps at 25°C.!%13 This relaxation time is generally smaller than that of
biological macromolecules.

The water content of human skin has been studied extensively by various methods.!*!6
Pratchyapruit e al.'” suggest that the skin of the eyelid remains soft by maintaining sufficient
hydration on the skin surface. This example demonstrates that water in the skin is related to
biological function.

In our previous studies, we obtained information about the dielectric properties in the stratum
corneum of human skin.'® ! We also have reported that the healing of human skin after a burn is

correlated with the time dependence of its free water content.?’ Applying dielectric measurements of
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skin to the area of sports medical science, we were able to observe the large-scale traversal of water
molecules into the body during exercise.?! Dielectric spectroscopy can be employed for non-invasive
and non-destructive measurements, including in vivo measurements of human skin. These reports
clearly indicate that skin measurements using dielectric spectroscopy can provide an important
method for characterizing the state of the skin through observations of the molecular behavior of
water.

Recently, measurements of the moisture content of skin have been performed using confocal
Raman spectroscopy.?? This experimental technique makes it possible to observe the moisture
content at a shallow depth in areas of the skin such as the stratum corneum and epidermis. On the
other hand, dielectric spectroscopy yields a value averaged over the penetration depth of the electric
field up to the skin surface contacted by the electrode. Furthermore, by increasing the electrode
diameter it is possible to obtain information in deeper areas than can be studied with confocal Raman
spectroscopy. We have previously reported a comparison of results obtained from these two
measuring techniques.?> Observations of the dynamics of water molecules using dielectric
spectroscopy are relevant not only to the water content but also to phenomena such as biological
functions and characteristics in vivo. Therefore, dielectric spectroscopy is appropriate for in vivo
measurements.

In dielectric spectroscopy of the skin, it is important to know which and how dielectric information
in depth is obtained for substances with different water contents. Accordingly, we have examined the
characteristic electric-field penetration depths of a two-layer dielectric model using water and a
Teflon block.'® 2425 The penetration depth obtained from such measurements depends on the outer
diameter of the coaxial electrode. However, the electrode diameter was only one of the unknowns in
previous research. In this study, we have used TDR with open-ended coaxial electrodes having
different electric-field penetration depths to perform dielectric measurements of an acetone-Teflon
double layer and of human skin from various parts of the body, in order to study the distribution of

water content in the human skin.

4.2 Materials and Methods
4.2.1 Acetone-Teflon double-layer system for the characterization

of coaxial electrodes

A block diagram of the apparatus employed for the characterization of coaxial electrodes is shown
in Figure 1. We purchased a flat, 10 mm-thick Teflon sheet with static permittivity &=2.1 from

FLON INDUSTRY. We placed a glass bottle on a jack and filled the bottle with acetone (with static
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permittivity =21 at 20°C?°). We then placed a Teflon sample in the bottom of the bottle to form an
acetone-Teflon double-layer system. We first placed the end of the electrode into contact with the
surface of the Teflon, and we then changed the vertical distance between the Teflon surface and the
end of the electrode gradually using the jack while we performed the dielectric measurements. We
determined the distance using a digital indicator. We used 50€2, semi-rigid coaxial cables (SUHNER)
with outer diameters of 0.86, 1.19, 2.20, 3.56, and 6.35 mm as the electrodes for the TDR

measurements at room temperature (20.0+£0.5°C).

4.2.2 Human-skin measurements on various parts of a body

We measured various parts of the bodies of two examinees (A: male, age 24; B: female, age 26)
using TDR, with the same electrodes as we used for the acetone-Teflon double-layer measurements
at room temperature, 20.0£0.5°C, with humidity 50£1%. The body parts we measured were the
cheek, the palm side of the forearm, the palm, and the sole of the foot. We also used TDR to measure
the same body parts of two other examinees (C: male, age 24; D: female, age 22) with an electrode
having an outer diameter of 2.2 mm. We washed the measured body parts with soap and wiped them
with Kimwipe before the measurements. In order to restore the state of the skin prior to the
measurements, we asked each examinee to remain still in the examining room for 30 minutes so as

not to sweat.

4.2.3 Time-Domain Reflectometry Measurements

We employed a digitizing oscilloscope mainframe (HP 54120B) with a four-channel test set (HP
54124A) as the TDR system.?’-3! This enabled us to make dielectric measurements—especially for
the relaxation process due to the molecular dynamics of free water—over the frequency range from
100MHz to 30GHz. We observed the reflected microwave signals, which include information about
the dielectric properties of the sample in response to the incident step pulse.

The complex permittivity of the sample can be expressed by the basic equation of the TDR

method:27%°

' vy

6‘* =
joy vy +r
where ¢’ is the speed of propagation in the coaxial line, vo and r are the Laplace transforms of the

incident and reflected pulse waveforms, X cot X takes into account propagation and multiple
reflections in the sample and the coaxial-line geometry, and yd is a correction coefficient. There is
reference method?”?° using the difference between the reflected wave of a standard sample having a
known complex dielectric constant and the reflected wave of an unknown sample, which was used

because it is more accurate.’’?° The values of the correction coefficients yd are listed for each
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electrode in Table 1. We also calibrated the open-ended probes using standard samples (air, acetone,
and water) with known dielectric properties.

We performed the TDR measurements using a contact-type coaxial electrode with an open-ended
tip in direct contact with the object to be measured. The TDR measurement requires an electric field
generated around the tip of the electrode. The electric lines of force reach from the central to the
outer conductors through the interior of the object. The dielectric information is obtained in the
region where a relatively large electric field is applied around the electrode tip. Therefore, the
electric lines of force necessarily depend on the diameter of the electrode. In this report, we use
measurements of the dielectric information averaged over the penetration depth of the electric field

as the basis for discussing the layered structure of the human skin.

4.3 Results

4.3.1 Acetone-Teflon double-layer system

Figure 2 shows the relationship between the static dielectric constant & and the distance / between
the electrode and the Teflon surface for electrodes with outer diameters of 0.86, 1.19, 2.20, 3.56, and
6.35 mm. The & values increase with increasing /, and they asymptotically approach the value for
acetone. The dielectric constant thus obtained is larger than &=2.1, even when the end of electrode
just touches the Teflon surface (/=0), because there remains a small gap filled with acetone. The

variation of the dielectric constant with position thus obtained shows exponential-like decays.

4.3.2 Human-skin measurements

We used electrodes with various outer diameters to measure various parts of the body, and we
observed the respective dielectric relaxation curves. We found the dielectric constant to be small
when the electrode diameter was small. In addition, we obtained smaller values of the dielectric

constant for body parts with larger skin thicknesses.

4 .4 Discussion

4.4.1 Characterization of the penetration depth of the electric field

The distance dependence shown in Figure 2 can be expressed approximately by the following

equation:** 2

35



& =& — {sa —& [1 —exp (— i)]} , 4.2)
where &, is the dielectric constant of acetone, and /y is defined as the penetration depth of the electric
field. The penetration depth has a characteristic value for each electrode, which is determined from
Eq. (4.2). The penetration depth is an average value, and some parts of the electric field lines reach
deeper regions.

The dielectric constant & and the distance / thus obtained are listed in Tables 2-6. As noted in
section 3.1 above, when the end of the electrode just touches the Teflon surface (/=0), the dielectric
constant obtained from the measurements is larger than £=2.1 because of acetone in the gap between
the end of the electrode and the Teflon surface. In our previous research, we pointed out that this
does not affect our determination of the penetration depth, as explained below.?* >3 Eq. (4.2) can be

rewritten as
l
Eq — & = (ga - et)exp (_ ;) 5 (4-3)

which corresponds to a straight line in the semi-logarithmic plot shown in Figure 3. We obtained
these straight lines from least-squares fits to the exponential function given by Eq. (4.3) for each
electrode diameter. The slope of this straight line gives the electric-field penetration depth /o. The
penetration depth so obtained for each electrode diameter is listed in Table 7. The penetration depth
clearly increases with increasing electrode diameter. This diameter-dependence is reasonable,
because the electric-field lines from the central to the outer conductors are longer for electrodes with

larger outer diameters.

4.4.2 Human skin observed using dielectric spectroscopy

Dielectric relaxation spectra obtained from TDR measurements of the palm side of the forearm
using electrodes of various diameters are shown in Figure 4. The curves show at least two relaxation
processes, one in the frequency region above 10GHz and the other below 1GHz. Figure 4 also shows
that larger dielectric constants and losses are obtained for electrodes with larger diameters.

The dielectric relaxation curves thus obtained can be described by the sum of two Cole-Cole

equations:

ASh + A&'l
1+(wt)Pr  1+(wt)Pl

& =€, + , 4.4)

where &* is the complex dielectric permittivity, &. is the high-frequency limit of the dielectric
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constant, A¢ is the relaxation strength, 7 is the relaxation time, £ is the relaxation-time distribution
parameter, and 4 and / indicate the higher and lower relaxation processes, respectively. A typical
result of a fit of Eq. (4.4) to the relaxation processes obtained for the palm side of the forearm using
the 2.20 mm-diameter electrode is shown in Figure 5. It is reasonable to assume that the 4 process
results from the reorientation of free water molecules and that the / process results from a
superposition of multiple factors, such as interfacial polarization, bound water, and local chain
motions of macromolecules, as indicated in our previous work.?’

Figures 6 and 7 show the relationship between the relaxation strength of the 4 process and the
thickness d of the epidermis for two examinees. We obtained the thickness of the epidermis at the
various measurement sites from the literature on anatomically based thicknesses,*? as listed in Table
8. The actual thickness of the epidermis for each examinee will in fact be different. Plots of the
logarithm of A¢ obtained for each electrode, however, showed straight lines against d, as shown in
Figures 6 and 7. Though the relaxation strength depends on both the examinee and the physical
conditions, Figures 6 and 7 indicate that this linear dependence is common and suggests that any
such influence is small compared with the difference among the measured body parts.

In addition, we found that the thickness of the epidermis was neither extremely thin nor extremely
thick compared to the average value for each measured body part, even for examinees. The straight
lines show the dependence on the thickness of the body part of each examinee. Figure 7 shows that
the straight lines for electrodes with larger penetration depths generally have shallower slopes and
larger values of the relaxation strength Agthan those shown in Figure 6. This means that the
contribution of dermis with high water content is smaller in Figure 6. Therefore, it is conceivable
that examinee A (Figure 6) has a thicker epidermis than examinee B (Figure 7).

The vertical axes of Figures 8 and 9 represent the moisture content of the skin for each body part
obtained by all electrodes, with different electric-field penetration depths /o. Electrodes with larger /o
values apparently probe regions with larger moisture content, since the ratio of water-rich dermis to
water-poor epidermis increases with /o. These curves show that examinee A exhibited less change in
water content, compared with examinee B, because of the former’s thicker epidermis. For examinee
A, with a thicker epidermis, even if the penetration depth of the electrode increases, the apparent
moisture content does not increase much. In other words, the present technique of dielectric
spectroscopy can determine the unknown thickness of the epidermis of any body part.

Figure 10 shows the relationship between the relaxation strength of the 4 process and the thickness
of the epidermis for the 2.20 mm-diameter electrode for four examinees. We found that for a given
electrode diameter the difference in the slope depends on the examinee. This difference in the slope
of the straight line expresses the difference in the thickness of the epidermis for each examinee.
These results also depend on the physical condition of the day, however, although the effect is small

compared to the difference between different body parts. Even if the thickness of the epidermis
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depends on the examinee, it is neither extremely thin nor extremely thick compared to the average
value for each body part, as in Figures 6 and 7. Thus, the relative thickness of each body part
exhibits a linear dependency for each examinee. The thickness of human skin thus does not change
drastically between different parts of the body. These results demonstrate that our present approach

can be an effective tool for a detailed assessment of human skin.

4.5 Conclusion

We determined the penetration depths of the electric fields of open-ended coaxial electrodes of
various diameters that we used for dielectric measurements. The penetration depth increases with
increasing electrode diameter. We found from systematic measurements with various electrodes that
the epidermis has a more limited water content than the dermis. The logarithm of the relaxation
strength obtained for each electrode follows a linear relationship with the thickness of the epidermis
in the different examinees. The differences in slope of the straight lines correspond to differences in
the thickness of the epidermis of the examinees. Even if the thickness of the epidermis depends on
the examinee, the relative thickness of each part generally offers the linear dependency, as it is
neither extremely thin nor extremely thick compared to the average value of each part. These
characteristic behaviors suggest a methodology for a detailed assessment of the skin using the
present analysis of systematic dielectric measurements with coaxial electrodes having different

penetration depths.
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Table 1. Values of correction coefficients.

¢ [mm] 0.86 1.19 2.20 3.56 6.35

yd [mm] 0.059 0.082 0.15 0.29 0.46
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Table 2. Parameters for an electrode with an outer diameter of 0.86 mm.

[ [mm] & In(&-&)
0.00 5.43 2.75
0.01 11.04 2.30
0.02 13.91 1.96
0.03 16.13 1.58
0.04 15.91 1.63
0.05 16.53 1.50
0.06 16.40 1.53
0.08 18.83 0.78
0.10 18.56 0.89
0.20 20.70 -1.21
0.30 20.97 -3.44
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Table 3. Parameters for an electrode with an outer diameter of 1.19 mm.

[ [mm] & In(&-&)
0.00 5.11 2.77
0.01 6.82 2.65
0.02 7.81 2.58
0.03 8.58 2.52
0.04 8.81 2.50
0.05 9.66 243
0.10 13.34 2.04
0.15 15.33 1.74
0.20 18.91 0.74
0.25 19.07 0.66
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Table 4. Parameters for an electrode with an outer diameter of 2.20 mm.

[ [mm] & In(&-&)
0.00 6.62 2.67
0.02 9.89 241
0.04 13.41 2.03
0.06 15.36 1.73
0.08 16.88 1.42
0.10 17.00 1.39
0.15 17.63 1.21
0.20 18.53 0.90
0.25 18.93 0.73
0.30 19.57 0.36
0.35 19.83 0.16
0.40 20.12 -0.13
0.45 20.22 -0.25
0.50 20.60 -0.92
0.60 21.10 -
0.70 20.95 -3.00
0.80 21.19 -
0.90 21.07 -
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Table 5. Parameters for an electrode with an outer diameter of 3.58 mm.

[ [mm] & In(&-&)
0.00 5.27 2.76
0.02 10.11 2.39
0.04 10.89 2.31
0.06 11.22 2.28
0.08 11.49 2.25
0.10 11.88 2.21
0.15 13.50 2.01
0.20 14.74 1.83
0.25 15.12 1.77
0.30 15.90 1.63
0.35 16.89 1.41
0.40 17.55 1.24
0.45 17.98 1.11
0.50 18.1 1.06
0.60 19.15 0.62
0.70 19.51 0.40
0.80 19.7 0.26
0.90 20.24 -0.27
1.00 20.74 -1.35
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Table 6. Parameters for an electrode with an outer diameter of 6.35 mm.

[ [mm] & In(&-&)
0.00 3.90 2.84
0.01 4.35 2.81
0.02 4.85 2.78
0.03 5.08 2.77
0.04 5.51 2.74
0.05 5.97 2.71
0.10 7.15 2.63
0.15 8.45 2.53
0.20 9.48 2.44
0.25 10.16 2.38
0.30 10.76 2.33
0.40 12.74 2.11
0.50 13.98 1.95
0.60 15.43 1.72
0.70 16.49 1.51
0.80 17.47 1.26
0.90 18.14 1.05
1.00 18.90 0.74
1.20 19.69 0.27
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Table 7. Penetration depth of the electric field

¢ [mm] 0.86 1.19 2.20 3.56 6.35

lo [mm] 0.052 0.11 0.15 0.30 0.49
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Table 8. Thickness of the epidermis of different body parts, from Ref. 32.

Body parts Thickness of epidermis [mm]
cheek 0.042
palm side of the forearm 0.086
palm 0.145
sole of the foot 0.185
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Figure 2. Relationship of the measured dielectric constant to the distance between the Teflon surface

and the electrode, for outer electrode diameters of 0.86, 1.19, 2.20, 3.58, and 6.35 mm.
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Figure 3. Approximation lines in semi-logarithmic plots for various electrodes. The symbols are the

same as in Fig. 2.
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Figure 4. Frequency dependence of the complex dielectric constant of human skin, obtained using

various probe diameters. The symbols are the same as in Fig. 2.
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Figure 5. Frequency dependence of the complex dielectric constant obtained with an electrode
having an outer diameter of 2.20 mm. The solid lines correspond to the two relaxation processes

obtained from the fitting procedure.
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Figure 6. Relationship of the relaxation strength and the thickness of the epidermis for probes with
outer diameters of 0.86, 1.19, 2.20, 3.58, and 6.35 mm [examinee A: male].
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Figure 7. Relationship of the relaxation strength and the thickness of the epidermis for probes with
outer diameters of 0.86, 1.19, 2.20, 3.58, and 6.35 mm [examinee B: female].
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Figure 8. The moisture content of the skin of the cheek (¢), palm side of the forearm (), palm (A),

and the sole of the foot (x) obtained from electrodes with different values of /o [examinee A: male].
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Figure 9. The moisture content of the skin of the cheek (¢), palm side of the forearm (), palm (A),

and the sole of the foot (x) obtained from electrodes with different values of /o [examinee B: female].
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Figure 10. Relationship of the relaxation strength to the thickness of the epidermis for the probe with
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Chapter 5
Comparison of Biometric Dielectric Spectroscopy and Blood

Flow Measurements

5.1 Introduction

Inside the living tissue, water structures taking complex high-order structures through hydrogen
bonds with various biological molecules are constantly ever-changing in the picosecond time domain.
These have been observed in the GHz frequency range, and we have been conducting research
focusing on in vivo water by noninvasive measurements using dielectric spectroscopy. We have
analyzed function expression mechanisms iz vivo by non-invasive measurements with observation of
the healing process of skin after burns [1], observation of changes in free water amount in the
epidermis during exercise applied to sports medicine science [2], electric field analysis using
dielectric models and various parts of the body for skin measurements [3-5], and so on. It has been
also found that the electric field analysis of the open-end coaxial electrode can provide depth
information from the skin surface.

Blood consists of cell components of red blood cells (RBCs) and white blood cells, platelets, and
plasma. It is reported that RBCs having particles of micrometer order size cause Maxwell-Wagner
interface polarization, which can be observed by dielectric measurements in the 1 MHz frequency
region [6]. Blood flow measurements in vivo using open-ended electrodes have also shown that one
of the observed relaxation processes is attributed to blood flow information [7].

A blood test can diagnose illness as a relatively light physical examination, though the test involves
pain during blood collection. However, blood tests have a relatively low physical burden, even if it is
relatively low as compared to other detailed examinations likes endoscopes. If the condition of blood
can be observed by noninvasive and nondestructive dielectric measurement, the burden can be
further reduced. More detailed discussion of the relaxation process observed in dielectric
measurement is necessary for the application.

In this study, in order to evaluate blood flow by dielectric spectroscopy measurements, blood flow
measurements in vivo were performed using ultrasonic blood flow meter and laser blood flow meter
in addition to dielectric measurements. It was discussed whether dielectric spectroscopy is also

useful for blood flow measurements in living body compared with other methods.
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5.2 Experimental

5.2.1 Examinees

Four examinees' normal data are shown in the Table 1. Each measurement was started after sprint

stress in the room (temperature: 20.0+0.5°C, humidity: 50.0+£0.5%).

5.2.2 Dielectric Measurements

The dielectric measurements were performed in the frequency range from 40 Hz to 110 MHz using
a precision impedance analyzer (4294A, Agilent Technologies) and open-ended coaxial electrodes

with the outer diameter 6.3 mm for skin above the wrist artery.

5.2.3 Laser Blood Flow Meter [8]

The microcirculatory blood flow about 1 mm below the skin surface was measured using a laser
blood flow meter (OMEGAWAVE, INC.) with 780 nm semiconductor laser. The measurement part
was the fingertip of the left hand. Parameters obtained from the laser blood flow meter are values
corresponding to the tissue blood volume, blood volume, and blood flow velocity. The laser blood
flow meter processes the scattered light from the RBCs and detects the RBC number density and its
velocity. The tissue blood flow rate is expressed as a value corresponding to the amount of blood
flowing into a living tissue weight of 100 g per unit time. RBC number density corresponds to the

blood volume, and the RBC flow velocity corresponds to the blood flow velocity.

5.2.4 Ultrasonic Blood Flow Meter

Mean blood flow velocity was measured using the commercially available ultrasonic blood flow
meter (ES-100V3, Hadeco) with 8MHz probe for skin above the wrist artery. This device measures
the velocity of blood flow from the Doppler Effect.

5.3 Results and discussion

The dielectric relaxation curves obtained before and after sprint for two examinees are shown,
respectively, in Figure 1, where the real part ¢ "and the imaginary part ¢ ” of the complex permittivity

are plotted as a function of frequency f. It was confirmed that both examinees A and B returned to
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the dielectric relaxation curve before sprint with the change over time. It was found from the
previous research that the spectrum shown in the IMHz region reflects the interfacial polarization of
the erythrocyte membrane [7].
Dielectric relaxation curved thus obtained could be described by the summation of four Cole-Cole
equations [9] as
e =¢ —je"
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where &£* is the complex dielectric permittivity, & is the high frequency limit of the dielectric
constant, A¢ is the relaxation strength, 7 is the relaxation time, £ is the relaxation time distribution
parameter, o is the direct current (dc) conductivity, and & is the dielectric constant of vacuum, and I,
II, III, and IV indicate respective processes in order from the higher frequency side. These processes
are shown in Figure 2.

Figure 3 shows the time dependences of relaxation parameters of relaxation process I after the
sprint obtained from fitting procedures of Eq. (5.1) to the relaxation curve for each examinee. The
dashed line shows the values of each examinee's relaxation parameters before the sprint. The
relaxation strength A¢and the relaxation time 7 are immediately increased after the sprint and
returned to the resting value obtained before the sprint with the elapsed time for each examinee.
Since relaxation process I shows the interfacial polarization of RBCs and fine blood vessels [7], an
increase in the relaxation strength due to the sprint primarily indicates an increase in the RBC
number. In addition, the relaxation time corresponds to the time scale of the polarization formation.
So, the relaxation time of the interface polarization are corresponding to the length scale of the
interface [10]. Therefore, it is considered that the interfacial polarization increased with the RBCs
number due to the sprint are then decreased to a constant value with the elapsed time after the sprint,
although the relaxation time distribution parameter f showed respective values for examinees.

Comparing the relaxation strengths obtained for two examinees, the female examinee B has a
smaller value than that for the male examinee A. In general, the average number of RBCs is about
10% less for female than that for male [11]. The lower relaxation intensity for examinee B compared
to examinee A is considered to reflect the difference in the number of RBCs due to the gender
difference. The RBC count can be obtained also from the dielectric measurements.

Figure 4 shows the time dependence of the blood flow parameter ratio by laser blood flow meter
for examinee B. The vertical axis represents the ratio to the value at rest and indicates the initial
values were higher than 100% after the sprint. Since the blood volume corresponds to the RBC count
density, it was confirmed that blood vessels dilated, and the blood volume was increased by the
sprint.

Figure 5 shows the time dependence of the mean blood flow velocity and the pulse after the sprint
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for three examinees obtained by the ultrasonic blood flow meter. It was confirmed that the pulse of
each examinee gradually returned to the values obtained before sprinting. The relationship between
the pulse and the mean blood flow velocity is shown in Figure 6. It was found that the area plotted
for each examinee was different. This result indicates that changes in the mean blood flow velocity
due to the sprint reflect individual situations.

Figures 7a and 7b show the comparison of the relaxation strength obtained from dielectric
measurements from to mean blood flow velocity and pulse rate obtained with an ultrasonic blood
flow meter, respectively, for examinee B. Both the relaxation strength and pulse increased by the
sprint and returned to resting values. The higher pulse delivered more blood, as confirmed by the
increase in the relaxation strength corresponding to an increase in the number of RBCs. In addition,
the mean blood flow velocity becomes slower after the sprint and returns to the resting velocity with
the elapsed time, because the blood vessels are considered to be dilated by the sprint compared to the
rest. It was found that the results of dielectric measurement and ultrasonic blood flow meter had well
correlated each other.

Comparisons of the relaxation process I due to the interface polarization of the RBCs and fine
blood vessels with results obtained from the ultrasonic blood flow meter and laser blood flow meter
suggest a large possibility of the blood state evaluation in a living body by dielectric spectroscopy. In
addition to the relaxation process I, other relaxation processes observed in dielectric measurements
contain more information. By revealing these details, more blood information can be obtained than
other approaches. It can be expected that dielectric spectroscopy will be able to obtain more detailed

blood information from in vivo measurements in near future.

5.4 Conclusion

It was confirmed that the relaxation strength A< and the relaxation time 7 for a relaxation process
observed around 1MHz in biometric dielectric spectroscopy for the wrist artery increasing during the
sprint returned to the resting value obtained before the sprint with the elapsed time. These results
indicate an increase in the number of RBCs observed during the sprint and were also confirmed by
comparison with the results obtained by ultrasonic blood flow meter and laser blood flow meter. The
amount of blood and the number of RBCs increases when a blood vessel dilates for the sprint. The
blood flow rate was, however, found to be lower than that at rest because of the dilation of vessels.
These results suggest that the blood state in the living body can be observed by dielectric
spectroscopy, and even more details in the blood state should be brought from in vivo dielectric

measurements.
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Table.1. Examinee's normal data.

Blood
Pulse

Gender | Age | Pressure
(bpm)

(mmHg)
A | Male 25 116/74 81
B Female 33 87/51 62
C Female 23 88/60 80
D | Male 30 129/62 76
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Figure 1. The time dependence of dispersion and loss curves obtained at just above artery
of wrist. a) Examinee A, b) Examinee B.
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Figure 2. A typical example of the fitting procedure to data for examinee A before the sprint.
Dot line: I-process. Dash line: II-process. Dot-dash line: IIl-process. Double-dot-dash line:
IV-process.
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Chapter 6

Conclusion

In this thesis, various water structures were discussed with respect to in vivo and in vitro dielectric
spectroscopy measurements. Each chapter treats the observation and analytical techniques of
dynamic behavior of water molecules at the characteristic scales of biomaterials in the human body.
Details of molecular behavior and interactions discussed in each chapter are summarized here.

In chapter 3, water structures at the molecular level were observed in vitro for protein-water
mixtures and cheeses. The water structure in aqueous solutions of globular proteins and cheeses
containing casein micelles were classified as dispersion systems from fractal analyses using
relaxation parameters. However, protein-water mixtures and cheeses were separated into different
plot areas. The results of the - diagram indicate that the water molecules are more finely dispersed
in cheeses than those in protein-water mixtures. In this way, fractal structure analysis using
self-similarity characterized various water structures with complex hierarchical structures. This
analytical technique also suggests that water structures related to various biological functions can be
characterized along with the dynamic behavior of water molecules determined using dielectric
spectroscopy.

In chapter 4, in vivo water structures were analyzed using dielectric spectroscopy on the human
skin. The penetration depth was determined for each open-ended coaxial electrode with a different
diameter from dielectric measurements for a double-layer dielectric model. Measurements of various
parts were conducted for two examinees using five different electrode diameters, and the
experimental results reflected the thickness of the examinee's epidermis. The experimental results
vary depending on the thickness of the epidermis and the water content. Dielectric relaxation
measurements of human skin on various parts of the body indicated a low dielectric constant for a
part with a large epidermis thickness and little moisture content, while the dielectric constant was
high for a part with a small epidermis thickness. These results show that the larger measurement area
of the dermis with less skin thickness in terms of penetration depth gives a higher dielectric constant
for the dermis with greater moisture content. The state of the examinee's skin can be evaluated by
combining the electrode diameter to be used and the measurement parts. The techniques for the in
vivo measurement of dielectric relaxation for human skin developed here have lead to the evaluation
of skin characteristics such as epidermis thickness, water content, and abnormalities due to disease.

In chapter 5, in vivo blood flow was observed using dielectric spectroscopy, an ultrasonic blood
flow meter, and a laser blood flow meter, and the detailed behavior of the dielectric relaxation was

clarified. The MHz frequency processes dominantly attributed to the interfacial polarization of red
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blood cells corresponded with the results obtained from both the laser blood flow and the ultrasonic
blood flow meters. These detailed in vivo evaluations of the blood flow show various possibilities for
future applications of these analytical techniques in research areas such as medical and sport science.

Various types of dynamic behavior of hierarchical water structures are treated in this thesis. The
order of the length and time scale treated here increases from Chapters 3, 5, and 4. The wide scale of
the observation and analysis techniques for molecular dynamics shown here can be realized only
with broadband dielectric spectroscopy. The results obtained in this thesis are thus very likely to lead
to developments in future research on biological systems. Furthermore, this water structure analysis
is not limited to only biological systems, and it is thus expected to expand understanding in various

fields in the future.
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