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Figure 1.1: Ion atmosphere around a ss-DNA.
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Figure 1.2: Counterion polarization of a short ss-DNA.
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Figure 1.3: Interfacial polarization.
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Figure 2.1: Dielectric dispersions described by a Cole-Cole function.
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Figure 3.1: The real (a) and imaginary (b) parts of the complex dielectric constants for
salt-free ss-DNA solutions with the length of 30 () and 120 () bases at the weight
concentration of 1.0 g/L. The solid and dotted curves for the real and imaginary parts
are theoretical curves calculated from one or two Cole-Cole functions with the fitted
parameters for 30 and 120 bases, respectively. The loss spectrum for 120 bases in (b)
can be decomposed into dash-dotted and dashed curves corresponding to low- and high-

frequency relaxations, respectively.
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Figure 3.2: The dielectric increments (a) and the relaxation times (b) of low- and high-
frequency relaxations (O and [, respectively) as a function of base number at the weight
concentration of 1.0 g/L in double logarithmic plots. The solid lines are the least-square
fits to the experimental data with the fixed gradients of 2 and 2/3 for the low- and high-
frequency relaxations, respectively, and the correlation coefficients are 0.940 and 0.943 for

Acerr and Ae, and 0.888 and 0.839 for 7 and 7, respectively.
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Figure 3.3: The real (a) and imaginary (b) parts of the complex dielectric constants for
30 bases ss-DNA solutions with the salt concentrations of 0.0 (0), 0.30 (O), 3.0 (A) and
30 () mmol/L at the weight concentration of 1.0 g/L.
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Figure 3.4: The relaxation time 7 for ss-DNA with N=30 (), 59 (4), 90 (v7) and 120 ()
bases in solution without salt as a function of ey’ > N2/3 for all the weight concentrations cy,
employed in the experiments in a double logarithmic plot. The solid line is the least-square
fit to the experimental data with the gradient of unity, and the correlation coefficient is

0.988.
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Figure 3.5: The quantity ¢gAe/7 proportional to the number of counterions associated
with a single polyion for ss-DNA with 30 (), 59 (4), 90 () and 120 (¢) bases in
solution without salt as a function of weight concentration ¢, in a double logarithmic
plot. The solid line is the least-square fit to the experimental data with the gradient of

unity, and the correlation coefficient is 0.996.
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Figure 3.6: Schematic of the proposed cell model. The extent of the diffused phase around
a single polyion in the center, where loosely bound counterions are distributed within the
electrostatic potential well of @, is shown as the solid lines. The characteristic length for
the counterion fluctuation £ is equal to the side length of the cubic cell in which a polyion
occupies exclusively at a low salt concentration (the left-hand side) and the diameter of
the diffused phase 2cA™! at a high salt concentration (the right-hand side), respectively,

where A7! is the Debye screening length and c is the proportional constant.
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Figure 3.7: The normalized dielectric increment Ae/ e *N?/3 for ss-DNA with N=30
(open symbols) and 59 (filled symbols) bases in solution with the weight concentrations
cw of 0.25 (O), 0.50 (O), 1.0 (A) and 2.0 (57) g/L as a function of salt concentration ¢g in
a double logarithmic plot. The solid line is the regression line to the experimental data for
¢s from 0.10 to 1.0 mmol/L, and each dotted line has a negative unity gradient and passes
through the data point for 30 bases ss-DNA at ¢,;=30 mmol/L. The increment remains
almost constant but slightly increases with increasing ¢ below 1 mmol/L and decreases
along the dotted lines. The salt concentrations at the crossover points of the solid and

1
dotted lines agree well with the critical salt concentrations as calculated by 2cA™! = n,, 2.
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Table 3.1: Critical salt concentrations ¢, calculated by Eq. (3.21) and those calculated
from the experimental results for the 30 and 59 bases ss-DNA solutions with added salt.

cw [g/1)] 025 050 1.0 2.0

Theoretical ¢, [mmol/L] 30 bases 9.8 16 25 39

59 bases 6.3 9.9 16 25

Experimental ¢, [mmol/L] 30 bases 7.6 13.1 18.6 274

59 bases 6.8 12.2 18.6 26.2
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Figure 3.8: The normalized relaxation time T/CV_V2/3N2/3 for ss-DNA with N=30 (open
symbols) and 59 (filled symbols) bases in solution with the weight concentrations ¢, of
0.25 (), 0.50 (O), 1.0 (A) and 2.0 (v7) g/L as a function of salt concentration ¢ in a
double logarithmic plot.
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Figure 4.1: Scanning electron microscope images of the spherocyte (left), the discocyte

(center) and the echinocyte (right).
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Table 4.1: Geometrical parameters of the erythrocytes.

Erythrcyte  Sample parameter 1 parameter 2

spherocyte rabbit  diameter, 6.1 £ 0.45um -

echinocyte rabbit  top to top, 7.8 = 0.47um bottom to bottom, 5.4 + 0.57um

discocyte rabbit  diameter, 8.0 £ 0.59um thickness, 2.1 4+ 0.29um

normocyte[l] human  diameter, 8.0 £ 0.59um thickness, 2.1 + 0.29um
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Figure 4.2: lustration of a biconcave-discoid model. One quarter of the contour of the
cross-section (solid line) is represented by the parts of attached two circles of radii ry
and 7ry. The center of the former circle is located at x5 on the x-axis. The z-axis is the

rotational one. respectively.

Figure 4.3: The three-dimensional models of the discocyte (left) and the echinocyte (right)
for FDM simulation.
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Figure 4.4: The one-eighth part (highlighted red) of the discocyte model used for the
FDM simulation and the calculated isopotential lines at 1.0 x 10° Hz.
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Figure 4.5: (a) Cubic element with unique complex permittivity for FDM simulation, in
which a grid point for potential calculation is located at the center. (b) The element
surrounded by six cubic elements to derive the potential at the center grid point. The
figure exemplifies the case where cell membrane exists between the center element and the
rightmost one. (c¢) Equivalent circuit model with two parallel capacitance and conductance
components that represents the current path between the center element and the leftmost
one in (b). (d) Equivalent circuit model for the center element and the rightmost one

with additional capacitance and conductance components for the cell membrane.
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Figure 4.6: Dielectric spectra of 4-phase system considering the surface conductivity of

erythrocyte.
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Figure 4.7: Total of 18 dielectric spectra (6 for each erythrocyte) measured in this study

and normalized by the dielectric permittivity at lower limiting frequency.
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Figure 4.8: Experimental dielectric spectra for the erythrocyte suspensions. The solid
curves are the best-fit Cole-Cole functions. The data sets corresponding to the echinocyte
and spherocyte have been shifted upward along the y-axis for easier visual inspection
(the amount of shifts are shown by the horizontal lines). Arrows show the characteristic

frequencies of (277)~!, where 7 is the relaxation time.
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Figure 4.9: Dielectric relaxation parameters obtained by Cole-Cole functions ((a) re-
laxation strength, (b) relaxation time and (c) Cole-Cole parameter) for the discocyte,

echinocyte and spherocyte.
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Table 4.2: Parameters for estimating the electric property of the spherocyte.

property symbol symbol in Sec. 2.2.2 value
cytoplasm relative permittivity Ecp €1 50
cytoplasm conductivity Kep K1 0.713 S/m
cytoplasm diameter dep dq 6.1 ym
cell membrane relative permittivity €em €9 -
cell membrane conductivity Kem K2 0.0 S/m [11,12]
cell membrane thickness tem (dy — dy)/2 5 nm [11,12]
specific membrane capacitance Cem = €em€0/tem 2e9€0/(dy — dy) 6.33 mF/m?
solvent relative permittivity €a €3 78.3
medium conductivity Ka K3 1.67 S/m
volume fraction ) 023 0.058
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AN

as functions of the specific

dimensional renderings of the normalized relaxation amplitude

and the relaxation time 7 calculated by Egs. (4.4) and (4.5)

Figure 4.10: Three

) the discocyte and

m and the cytoplasm conductivity k., for (a

membrane capacitance C,

(b) the echinocyte.

Also plotted as blue solid circles are the data obtained by fitting

Eq. (4.2) to the simulated dielectric dispersion curves.

70



Table 4.3: Volume fractions and the electric parameters of the four types of erythrocytes as

determined from the experimental dielectric dispersion curves by the analytical approach

(the spherocyte) and the numerical approach (the other three types).

Volume fraction Membrane capacitance

Cytoplasm conductivity

[0) Cem Kep
Erythrocyte Sample (mF/m?) (S/m)
spherocyte  rabbit 0.058 6.33 0.713
discocyte rabbit 0.072 6.68 0.539
echinocyte  rabbit 0.090 6.53 0.651
normocyte  human 0.098 8.79 0.666
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Figure 4.11: Complex permittivities calculated with the optimized membrane capacitance

and cytoplasm conductivity (A) compared to the experimental ones (O)) for (a) the
discocyte and (b) the echinocyte. Discrepancy between simulation and experiment in
the lower-frequency region below 10° Hz is due to incomplete elimination of electrode-

polarization effects from the experimental data.
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Figure 5.1: Concept of the measuring method of RBC deformability.
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Figure 5.4: €% (f) of spherical RBCs suspended in PBS for ¢=0.05.
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Table 5.1: Fixed parameters in computations (pm).

Lep | Wep | Hepoms | Halass | W | lsg | g

800 700 100 100 1000 | 5 | 15
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Table 5.2: Optimized parameters (pm).
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Figure 5.13: AC frequency effects on resistance.
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Figure 5.14: Schematic of the sensor circuit.
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Flow direction

(a) £=-0.031s (b)t=-0.01s

(c) £=0.0s (d) £=0.015s

Figure 5.15: Snapshots of a normal RBC passing between the electrodes.
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Table 5.4: Averaged sizes of RBCs[J

Experiment Numerical analysis

Normal | Rigidized | DI =0.5 | DI =0

apm] | 145 74 12.8 6.7
blpm] | 47 74 43 6.7
DI 0.52 0.00 0.50 0.00

T T T ‘ T
—— Normal RBC |
(DI=0.57)
A\ Rigidized RBC
‘ (DI=0.06)

1.0—

1 l
-40 -20

Figure 5.16: Normalized AR, in relation with streamwise position of RBC (Experiment).
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Figure 5.17: Distribution of ¢ against spanwise location.
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Figure 5.18: Relation between ¢ and DI.
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