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Abstract

Objective: The objective of the study was to gauge the effect of storage lesions
on the dielectric response of red blood cells (RBC), in particular those processes
linked to deformations of the cellular membrane known as the J-dispersion.
Approach: The dielectric response of RBC suspensions, exposed to blood-bank
cold storage, was studied using time-domain dielectric spectroscopy (TDDS) in
the frequency range of 500 kHz up to 1 GHz. The measured dielectric processes
are characterized by their dielectric strength (Ae) and relaxation time (7). Changes
in the dielectric properties of the RBC suspensions due to storage-related lesions
were evaluated. For a quantitative characterization of RBC lesions, we measured
the deformability of fresh and stored RBC as expressed by their elongation
ratio (ER), which was achieved under a shear stress of 3.0 Pa. Main Result: The
results show that the storage of RBC induced a statistically significant decrease
of dielectric relaxation times. In addition, a sound correlation between the mean
values of ER and the relaxation times was observed (Spearman’s correlation
coefficient p =0.847). We draw the conclusion that those alterations in the
relaxation time are induced by changes in the shape of the RBC that happen
during cold-storage. Significance: The evolution of the [-dispersion of RBC
opens new possibilities in the blood bank inventory management.
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1. Introduction

Donated human red blood cells (RBC) are routinely stored for a period of 35-42 d. This
time limit has been determined mainly based on their life span in the circulatory system and
on changes in their biochemical parameters (Wolfe 1985). Contrastingly, a growing number
of studies have shown that the transfusion of some bank-stored RBC may be a source of
injury rather than benefit to the recipients (Sherk et a/ 2000, Glynn 2008, Hillyer et al 2008,
Leal-Noval et al 2008, Almac et al 2014). Increased hospital mortality, intubation within 72 h,
renal failure, and sepsis or septicaemia are some examples of conditions associated with the
use of non-functioning transfused blood (Koch et al 2008, Marin et al 2013). It was noted
that blood storage itself may induce a number of biochemical alterations in RBC properties,
such as: an increase in membrane-bound globin (Wolfe er al 1986), an oxidation of skeletal
proteins, a loss of cellular antioxidant capability (Racek et al 1997, Dumaswala et al 2000),
a decrease in K™ concentration and subsequent dehydration (Olivieri et al 1993), a loss of
membrane lipids (Wolfe et al 1986, Dumaswala et al 2000), a decrease in the cell surface
sialic acid (Godin and Caprani 1997), an alteration of the shape of the RBC (Iglic et al) and
a strong elevation of cell rigidity (decreasing deformability) (Relevy et al 2008). Collectively
these are known as storage lesions.

Specifically, while fresh and healthy RBC are characterized by a biconcave discoid shape
(see figure 1(a)), aged and/or lesioned RBC are typically transformed into echinocytes: i.e. the
cells become spheroidal and are sometimes accompanied by the appearance of small thorny
projections on their edges (see figure 1(b)) (Hovav er al 1999). This shape transformation
under cold-storage has been described previously (Iglic et al). It may be related to cell vesicu-
lation (Eber et al 2001) and/or an alteration of the physical state of the membrane skeleton
(Iglic 1997).

RBC vesiculation occurs during cell aging in vivo (Yaiez-Mé et al 2015) and in vitro
(Eber et al 2001). Differences in the vesicle shedding mechanism in vivo and in vitro have
been described by Bosman ef al (Bosman et al 2008) and Delobel et al (Delobel et al 2016).
However, in both cases vesiculation induced a decrease of the cell-surface-area (Flatt et al
2014) by the loss of proteins and lipids from the membrane (Pascual et al 1993). Kriebardis
et al (2007, 2008) demonstrated that the vesicles released during storage of RBCs contain
lipid raft proteins and oxidized or reactive signaling components commonly associated with
the senescent RBCs.

The alteration of RBC shape is traditionally characterized by electron microscopy. An
alternate method to observe morphological changes of the cellular membrane is to study the
dielectric response. This was first demonstrated by Hober and others (Hober 1910, 1912,
1913, Fricke 1925, Asami et al 1989, Asami 2015) and applied to the aging of Rabbit blood
by Hayashi and his team (Hayashi ef al 2008). They demonstrated that dielectric spectroscopy
(DS) is a sensitive tool to monitor deterioration and morphological changes of stored erythro-
cytes. As these changes in cell morphology lead to differing dielectric interfaces, one would
expect Maxwell-Wagner interfacial polarization processes to appear (Asami 2015). These
processes are a function of the dielectric properties of each phase (suspension buffer, cell
membrane and cytoplasm) and are usually known collectively as the §-dispersion. They are
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Figure 1. Scanning electron micrographs of RBCs, obtained in our previous research
(Hovav et al 1999): (a) freshly donated; (b) stored during 35 d.

characterized by a dielectric strength (A¢) and a relaxation time (7) (Kremer and Schonhals
2003, Asami 2015). In the radio frequency range of MHz, the overall dielectric response
of cell suspensions (RBC suspensions in our case) is governed mostly by this phenomenon
(Martinsen and Grimnes 2011). Furthermore, the complex dielectric permittivity of a RBC
suspension is strongly dependent on the shape of the cells (Sillars 1937, Asami 2015) and it
was shown that different shapes of cells affect the overall dielectric spectrum of a suspension
(Asami and Yonezawa 1995). In particular, it was shown by Asami et al (1980, 1995) that
ellipsoid particles in suspension would give rise to two distinct interfacial relaxation pro-
cesses, whose characteristic relaxation times would be related to the major and minor axes of
the ellipsoid respectively. The theory was confirmed by the measurement of human erythro-
cytes (Asami et al 1980).

In this study, we exploit the strength of DS to investigate the alterations (lesion) of human
RBC due to cold-storage under standard blood-bank conditions, by studying relative changes
in the B-dispersion. In parallel, for an assessment of the level of storage-induced lesions in the
cells, we have characterized the deformability of RBC (Relevy et al 2008, Barshtein et al 2011).

2. Materials and methods

2.1. Study design

Nine samples of fresh RBC (f-RBC) and nine samples of stored RBC (st-RBC) were pre-
pared and then studied simultaneously by means of two different methods: the deformability
test (Relevy et al 2008) and time-domain dielectric spectroscopy (Feldman et al 1992, 1996,
Hayashi et al 2003).

2.2. Materials

Bovine serum albumin (BSA) was purchased from Amresco (OH, USA), D-Glucose and
L-Glucose from Sigma (St. Louis, MO) and un-coated polystyrene slides from Electron
Microscopy Science (Washington, PA).
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2.3. Collection and preparation of RBC

St-RBC samples were collected from Packed-RBC (PRBC) units (non-leukodepleted, stored
in CPDA-1 under 4 °C with a concentration of approximately 60% by volume) after cold-
storage of at least 21 d in the blood bank; f-RBC samples were collected directly from healthy
donors. Both collections were done with the donor’s consent according to the Helsinki
Committee Regulations (Permit 98290, Hadassah Hospital, Jerusalem, Israel).

5ml of st-RBC were drawn from PRBC units. The RBC were then washed three times by
centrifugation (500 x g; 7min) using PBS (Phosphate Buffered Saline), and re-suspended
at hematocrit in G-PBS (PBS supplemented with L-Glucose (2.7mg ml~!) and D-Glucose
(0.9mg ml™Y) (Livshits et al 2007). Samples of f-RBC were isolated from freshly-donated
blood, washed (three time) from their plasma by centrifugation (500 X g; 7min.) in PBS and
re-suspended at hematocrit in G-PBS (Livshits et al 2007).

The L-Glucose reduces the electrical conductivity of the buffer (minimizing the effects of
electrode polarization (Feldman et al 2001, Ben Ishai ef al 2013) which are discussed in sec-
tion 2.5.3), and the D-Glucose compensates the osmotic pressure thereby avoiding changes in
the cell shape due to the suspension (Livshits ef al 2007). The measurement took place within
60 min after the washing and the resuspension.

Fresh and stored samples are not related what-so-ever, and were measured on different
days, as they were supplied.

2.4. Deformability test

Washed RBC were re-suspended at a hematocrit of 5% in PBS supplemented by 0.5% of
bovine albumin. A computerized cell flow-properties analyzer (CFA), designed and con-
structed in The Hebrew University of Jerusalem (Israel) (Relevy et al 2008), was used for
testing deformability of the cells. The CFA enables the monitoring of RBC hemodynamic
characteristics as a function of shear stress, under conditions that resemble those in micro-
vessels, by direct visualization of their dynamic organization in a narrow-gap flow-chamber,
placed under a microscope (Relevy et al 2008, Barshtein et al 2011). RBC deformability is
determined by monitoring the elongation of the cells under flow-induced sheer stress (Relevy
et al 2008). 50 1 of suspension are inserted into the flow-chamber (adjusted to 200 pm gap)
containing an uncoated polystyrene slide. The adherent RBC are then subjected to control-
lable flow-induced sheer stress (3.0 Pa), and their deformability is determined by the change
in cell shape, as expressed by the average elongation ratio: ER = a/b, where a and b are
the major and the minor cell axes respectively. ER = 1 reflects a round RBC, non-deformed
under the applied sheer stress. The CFA image analysis program measures the ER for each
individual cell, provides the deformability distribution in a large RBC population (at least
2500 =+ 300 cells) and calculates the average value of ER.

2.5. Time-domain dielectric spectroscopy (TDDS)

For the automated measurement of the dielectric properties of matter, our lab has developed
a time-domain dielectric spectrometer based on the Agilent 86100C time-domain reflec-
tometer (Agilent Technologies 2009). Temperature control is provided by a Julabo CF41
heat circulator-thermostat with temperature fluctuations of 0.5 °C. The system is designed
for measuring dielectric parameters over the frequency range 100 KHz-20 GHz (the actual
upper limit depends on the sample cell’s geometry, in this paper it is capped at 1 GHz).

1338



Physiol. Meas. 38 (2017) 1335 M David et al

Non-uniform signal sampling (Feldman et al 1996, Feldman et al 2006) is performed to
enhance memory usage, efficiency, and measurement precision. The TDDS’s software
allows registration, accumulation and collection of data, Fourier analysis (spectra calcul-
ation), and time-domain treatment (the latter includes nonlinear curve fitting to extract the
dielectric parameters).

2.5.1. Description of the method. The TDDS technique is based on time domain reflectrom-
etry (TDR) (Smith ez al 2005, Oliver 2016). In TDR a voltage step propagates from the sig-
nal generator along the transmission line. Structural discontinuities along the line generate
reflected pulses (Pozar 2012, Oliver 2016). As the reflected pulse’s shape contains information
about the discontinuity, this method can be used to extract dielectric properties of any mat-
erial placed at any given section of the transmission line (Fellner-Feldegg 1969, Feldman et al
1996).

In TDDS, the sample cell (a parallel-plate capacitor) containing the RBC suspension is
placed at the end of a 50 €2 transmission line; the reflected signal is superimposed on the inci-
dent pulse and the resulting signal (sum of the step voltage and the reflected signal) is recorded
at the sampling head. It is then sent to the digital signal processing (DSP) unit (Nozaki and
Bose 1990, Feldman et al 1996, Berberian and King 2002, Cerny 2009). The system fre-
quency range limits are determined by the pulse rise-time, the duration of the pulse and the
sample cell’s geometry (see section 2.5.2).

The actual sample response signal is found by writing the total voltage across the sample
Vi(2):

Vs(t) = Vin(1) + Vr(2) (1)
While the total current through the simple is given by:
1
I(t) = = [Vin(1) = V()] 2
0

Where Vi, (?) is the incident voltage, Vg (?) is the reflected signal, and Z is the characteristic
line impedance (Feldman et al 1992). Using a lumped-capacitance approximation, the govern-
ing equation in the time-domain is given by:
t /
0(t) =Ce - €00 - V(1) + (85 — £0) - / %% (¢)df 3)
0

Where Q(?) is the total charge in the capacitor, ¢(7) is the dielectric response function of the
sample, C. is the vacuum capacitance of the sample cell, ¢ and ¢, are the static and high-
frequency dielectric constants, respectively. Q(f) can be calculated by simple integration in the
time of the current signal /() obtained by equation (2).

After applying the Fourier Transform to equation (3), the charge can be expressed as
(Bottcher er al 1980, Martinsen and Grimnes 2011):

QW) =Cere(w)-Vi(w) )

Where the complex permittivity is the Fourier image of the derivative of the dielectric step-
response function:

e (W) 500+(5s5<>o)'/000dq;§t) ~ej“”dtsoo+(sseoo).F{(1ﬁ§t)} (5)
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Figure 2. Teflon ring sitting on bottom electrode and holding a drop of RBC suspension.

In order to extract the dielectric properties of the material-under-test, the dielectric response
function should be fitted to a previously known descriptive function, after it has been obtained
by deconvolution of equation (3). In the case of a pure Debye process, the dielectric response
can be fitted to equation (6):

o) = [roe + 22 (1-¢77)] 120 ©6)

2.5.2. Sample cell. A capacitor of parallel plates terminates the coaxial transmission line.
There is a need to maintain the same line impedance, regardless of the plate diameter, oth-
erwise spurious reflections are generated. This was achieved by inserting a series of coaxial
steps between the plate capacitor and the coaxial line, such that each step maintains the same
characteristic line impedance.

For MHz frequencies, coaxial transmission-line segments have a characteristic impedance
that can be approximated by:

1 H dout
Zi= — )5 I [
e n(di ) @

Where ¢, 11, doue and di, are the permittivity, the permeability and the outer and inner radii of
the transmission line’s dielectric, respectively (Staniforth 2016).
The highest usable frequency of the coaxial line is given by:

c-ke
e @®)

Where c is the speed of light, ¢, is the relative permittivity of the transmission line’s dielectric,

fmax =

and k. = m (Pozar 2012). In this study, the sample cell has dj, = 24 mm and d,; = 60 mm,
and air is the line’s dielectric, giving a maximum working frequency of about fi,.x = 2.3 GHz.

Since the electrodes need to be made of a biocompatible material, we chose to use polished
316L Stainless steel. In order to hold the RBC suspension between the electrodes, a Teflon
ring was used as shown in figure 2. The Teflon ring fits tight over the bottom electrode and has
an aperture in its center of 5mm of diameter; the height of the ring is 1.75 mm. Therefore, a
volume of 34 pl is held.
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Figure 3. The dielectric step response function for sample F1: measured and fitted.

2.5.3. Electrode polarization. Typically, when performing dielectric spectroscopy of conduct-
ing systems which contain dissolved free ions (e.g. colloids and cell suspensions), a phenom-
enon called electrode polarization (EP) occurs: when applying an electric field, dissolved free
ions tend to move towards and accumulate on the electrode-suspension interfaces. The electric
potential drops significantly in the polarization layers, leading to a strong polarization of those
layers and, in the worst case, an almost absence of the electric field in the actual suspension.
Several techniques were proposed to correct the effect of Electrode Polarization and obtain
the bulk sample dielectric response function (Feldman er al 1998, 2001, Ben Ishai et al/ 2013).
The parallel-plate geometry of the sample cell in our study leads to the assumption that the
EP layers are similar and parallel on both electrodes. Therefore, in this case, the response due
to electrode polarization can be modeled in the time domain according to the so-called single
exponent approximation (Feldman et al 2001, Ben Ishai et al 2013). In TDDS this approx-
imation proposes that EP adds a parasitic signal to the sample’s step response function (Feld-
man et al 1992, Ben Ishai et al 2013), which can be fitted to equation (9):

Veplt) = Ao (1= ™77 ) ©

It is important to note that EP governs the response signal at low frequencies: i.e. the
parasitic signal is time delayed from the sample’s step response function, making it easy to fit
equation (9), and to correct the acquired signal. The software of our TDDS system performs
the corresponding correction.

2.6. DS measurements of RBC suspensions

For each one of the RBC samples (fresh and stored), the following procedure was performed:
the parallel-plate sample cell was filled with 35 ul of the prepared suspension (see section 2.3),
and then stabilized at 25 °C using the temperature control module. The sample was measured
16 times; after averaging the measurements, the resulting signal was digitally processed as
described above.

3. Results and discussion

Nine samples of f-RBC and nine of st-RBC were measured by means of TDDS. To fit the
results it was necessary to employ two Debye processes. The fitting function is presented in
equation (10):
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Table 1. Average dielectric parameters of fresh and stored RBC.

Aey 1 Aeg; T2 €00
Fresh RBC 188.9 59.53 44.2 10.73 65.7
Stored RBC 176.0 44.28 32.4 0.42 64.2
300 I R | T LR | T T T T T T T TTTT
r RS : ---Fresh RBC |
: : — Stored RBC H
200 .
W i i
“w ]
100 .
0 T B B! Ty,
10° 10° 107 10° 10°

Frequency (Hz)

Figure 4. The reconstructed dielectric spectra, based on the averaged fitting parameters
of all Fresh and all Stored RBC suspensions.

#(t) = [eoo—i—Ael- (l—efTLl)—i—A&z' (l—eiéﬂ 120 (10)

Where e, is the high frequency limit of the permittivity of the suspension, and Ag; and 7
are the dielectric strength and the time constant of the process i, respectively. In figure 3 we
present an example case (namely sample F1—see table 3) of the measured dielectric response
function after performing EP correction (Feldman et al 2001, Ben Ishai er al 2013), and its
fitting to equation (10). In table 1 we present the average dielectric parameters values obtained
for all fresh and all stored RBC suspensions; in figure 4 the calculated average dielectric spec-
tra for both cases are shown.

Due to the characteristic biconcave shape of normal erythrocytes (see figure 1(a)), one
would expect to see two main dielectric processes: one process corresponds to the external
radius of the discocyte while the second process corresponds to the cell width. Both processes
should be considered to be pure Debye, as expected for Maxwell-Wagner polarization pro-
cesses, as noted in equation (10).

Upon aging of the RBCs it was still necessary to use equation (10) to fit the data. The
implication is that there are still two length scales involved, despite the expectation that the
erythrocytes would have become echinocyte-shaped (with reduced cell radius) (Mohandas
and Chasis 1993, Barshtein et al 2011, 2014). This new shape, as discussed above, is char-
acterized by the spheroid radius of the echinocyte, but may also be influenced by thorny
projections that are sometimes observed (see figure 1(b)). Furthermore, the fast process, 75,
is significantly shifted towards the higher frequencies, indicating much smaller length scales
than those of the minor RBC axis. An obvious candidate in this case could be the appearance
of these same thorny projections (see figure 1(b)) of the stored RBC.

It is relatively simple to explain the increase in 7: in the case of fresh erythrocytes (bicon-
cave discoid), 7 is related to the disc radius while 7, is related to the cell width. For larger
sizes of particles one would expect to obtain longer relaxation times (Sillars 1937, Looyenga
1965, Asami et al 1980, Stroud 1998, Asami 2002). The external radius of the RBC decreases
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Table 2. t-student tests for fresh and stored RBC suspensions.

Fresh RBC Stored RBC
Average Variance Average Variance t-stat t-critical (two tails)
71 5953 5.36 44.28 24.24 839 231p=3.07x107°
mn 1073 057 0.42 0.02 3428 245p=1.79 x 10~
ER 1.78 355 % 107°  1.53 0.02 431 231p=257x 1073
100—:
] A,
/ R <,
10—:
o
&
.y
13
:
0.1 T
Fresh RBC Stored RBC

Figure 5. Average characteristic relaxation times of Fresh and Stored RBC suspensions
for nine RBC samples, obtained from freshly donated blood and stored units.
xp = 3.07 x 107 *xp = 1.79 x 10! for a non-pair t-test.

with storage time (Jaferzadeh and Moon 2015) and so, we would expect 7| of the fresh eryth-
rocytes to be greater than that of the stored ones. The width of normal erythrocytes is within
the order of magnitude of the main disc radius of both fresh and stored erythrocytes and, there-
fore, we see that 7 is within the order of magnitude of 7, of both fresh and stored erythrocytes.

It is well documented that the alteration of RBC shape under cold storage (Hovav et al
1999) is often accompanied by a decrease in RBC’s deformability (Berezina et al 2002,
Relevy et al 2008, Barshtein et al 2011, 2014). In addition, the role of the cell’s shape in RBC
deformability has been previously noted by Mohandas and Chasis (1993). Thus Izzo et al
(1999) demonstrated that erythrocyte deformability is impaired by membrane and cytoskel-
eton structure anomalies and by changes in the red cell area/volume ratio. In tables 3(a) and
(b) we present the ER (deformability test) and the TDDS fitting values for the fresh and stored
samples, respectively. Figure 4 shows the reconstructed spectra, based on the averaged val-
ues of the relaxation times 7, and 7, of f-RBC and st-RBC suspensions; t-Student tests were
performed in order to test the hypothesis that f-RBC and st-RBC can be classified using the
dielectric relaxation times. Table 2 shows the results of the tests. The t-tests show that the
null hypotheses can be discarded; thus, both distributions (f~-RBC and st-RBC) can be con-
sidered to be different. The results are represented graphically in figure 5. Note that in order
to perform a Student’s t-test, the data should be normally distributed. All the samples were
randomly chosen from the blood bank, each from different donors. As a result, we performed
an Anderson—Darling test for a normal distribution of the data points (Anderson and Darling
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Table 3. Average and standard deviation of ER and Fitting values of human RBC
samples. P-value refers to the Anderson—Darling test for normal distribution P values.
P > 0.05 implies that the samples are normaly distributed.

3(a)—(Fresh human RBC samples)

Sample # ER Aegq T Aey T [

F1 1.87 +£0.04 17127 £7.71 59.67 +5.48 4431 +£1.16 11.34+0.54 62.09 + 2.62
F2 1.70 £ 0.05 204.87 £9.19 58.52+1.49 4278 £4.04 10.20+0.97 65.50 + 2.04
F3 1.80 +0.04 188.67 £8.40 62.11 +1.49 43.20+3.71 11.62+1.02 68.21 + 1.83
F4 1.80 £ 0.05 174.73 £4.76  56.01 +2.30 42.65 +2.33 1042 +0.59 67.12+1.75
F5 1.70 £ 0.04 174.55 + 15.14 60.52 +0.28 48.10 +7.11 11.72 +0.54 64.72 +4.78
F6 1.77 £0.03 158.92 £8.39 55.96 +9.36 40.38 +£15.88 9.41 +3.83 68.60 + 6.28
F7 1.80 + 0.05 209.46 + 19.05 61.55 4+ 3.21 46.71 +21.32 10.95 + 1.64 67.93 +8.10
F8 1.84 +0.04 227.46 £9.60 59.68 +0.46 42.45+ 1.16 10.26 +0.14 65.26 + 8.08
F9 1.74 +£0.03 190.25 +8.36 61.75 +2.11 47.23 +5.19 10.69 +1.20 62.09 + 4.01
P-value 0.529 0.683 0.253 0.289 0.828 0.341

3(b)—(Stored human RBC samples. S4 and S9 could only be fitted using one Debye process)

Sample # ER Ag i Agy T2 €oo

S1 1.35+£0.04 152.74 £0.07 35.80+1.87 3395+ 1.61 0.36+0.03 62.20 £ 1.56
S2 1.36 £0.03 166.05 £ 15.96 43.45 +3.64 39.86 £9.58 0.40 £0.10 68.63 £5.50
S3 1.38 £ 0.05 142.64 £6.76 38.79 £ 0.67 35.63 +3.92 0.31 £0.03 59.33 + 2.60
S4 149 £0.04 146.33 £18.10 41.02 £0.62 — — 60.59 +4.34
S5 1.70 £0.03 186.75 +2.40 50.72 4+ 0.08 37.70 £0.17 0.72+0.02 64.93 £1.91
S6 1.53 £0.05 192.62 £16.25 48.15+£2.02 2296+ 1.80 0.41£0.09 64.58 £4.56
S7 1.69 £0.04 184.15+10.18 4522 +£1.03 20.51 £1.11 0.37 £0.04 68.37 £5.21
S8 1.68 £0.04 137.40 £ 1049 47.72 £097 36.32+£0.21 0.39£0.01 6526+2.24
S9 1.61 +£0.03 275.20 + 14.62 47.66 +2.03 — — 64.20 + 6.10
P-value 0.217 0.056 0.574 0.065 0.003 0.626

1952). The results are presented in tables 3(a) and (b) along with the ER and the TDDS fitting
values. A P-value greater than 0.05 indicates that the data is normally distributed. This condi-
tion is fulfilled by the majority of the data, except for the relaxation times, 75, of the second
process in stored RBC. In this case the dielectric strength manages to pass the test while the
relaxation times are borderline. However, due to biological variance and since the median
and average values of the measurements are almost equal (relative difference of 0.5%), we
conclude that the measurements are indeed normally distributed.

Figure 6 shows a strong correlation between ER and 7; and between ER and 7,. The cor-
relation values were calculated using Spearman’s ranked correlation coefficient. While 7,
shows an almost linear correlation to ER, both parameters demonstrate a marked differentia-
tion between the populations of fresh and stored RBC. This is particularly clear for 7, and may
point to the emergence of a new source for the relaxation. An obvious candidate would be the
formation of the thorny nodules, noted in figure 1(b). The observed correlation between 7; and
ER can be related to the fact that both of these parameters are modulated by the cells’ shapes,
which are altered under cold-storage (Hovav et al 1999). It should be noted that in their 2008
paper Hayashi et al used a single Cole-Cole relaxation model for fitting their measurements.
While Hayashi et al saw an increment in the relaxation time of the Cole—Cole process, we see
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Figure 6. (a) 7; and (b) 7, plotted against Elongation ratio (ER). The Spearman ranked
correlation coefficients are 0.847 and 0.787 respectively, indicating a strong correlation
of the 3 dispersion on cell shape.

a decrement of both Debye’s relaxation times. Hayashi e al explained the increment in the
Cole—Cole relaxation time as a consequence of changes in the cytoplasm’s conductivity of
the studied cells during aging. It is important to note that in Hayashi et al’s experiment rabbit
cells were used and, in addition, cell storage conditions strongly differ from the storage and
preparation protocol used in our study (Hayashi et al 2008).

Based on our results we can suggest the following scheme. It is well documented that
the cold-storage accelerates a number of parallel processes in RBC: specifically, membrane
vesiculation (that induces loss of membrane area) and reorganization of cytoskeleton. Both of
these alterations lead to cellular shape transformation (from discoid to spherical) and decrease
the deformability. In parallel, we observed a drastic difference in DS of freshly donated cells
and erythrocytes that have been stored during 35 d in blood bank.

4. Conclusions

By means of dielectric spectroscopy (DS) we have analyzed the 5-dispersion dielectric spec-
tra of both freshly donated and stored RBC suspensions, in order to determine whether DS
are sensitive to the alteration of RBC that caused by long (of at least 21 d) cold-storage. The
data were modeled on the basis of two pure Debye processes: in the case of fresh (healthy)
RBC, one process corresponds to the discoid radius and the second process corresponds to
the cell width; in the case of stored (lesioned) RBC, one process corresponds to the spheroid
radius and the second process may correspond to the small thorny projections of the cell.
The obtained results show that a cold-storage of erythrocytes induces a marked elevation
of the value of first relaxation time (7) and these alterations can be related to cells lesion.
Furthermore, we observed a strong correlation between 7| and the mean Elongation Ratio of
the RBC population under shear stress of 3.0 Pa. These findings suggest that the relaxation
times of RBC suspensions (by means of DS in the MHz frequency range) are very sensitive
to long cold-storage.
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