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ABSTRACT

Background: Erythrocyte deformability is a major determinant of microcirculation in vivo. Although
this concept was defined as filterability evaluated by flow-pressure curve constructed during a
filtration process of erythrocyte suspension through a nickel mesh filter, the behaviours of
erythrocytes during the filtration process are unknown.
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Aim: The present study aimed to obtain the better rheological understanding of the behaviours of
erythrocytes passing through the nickel mesh filter.

Methods: Blood sample was obtained from 8 apparently healthy subjects after obtaining informed
consent. Erythrocyte filterability (%) was calculated as the flow rate of a hematocrit-adjusted
erythrocyte suspension relative to that of saline at a filtration pressure of 100 mmH,O in flow-
pressure curves obtained by nickel mesh filtration technique. Nickel mesh filters showing specific
pore sizes of 6.00 um (step 1) and 5.31 uym (step 2) were chosen, and two-step filtration protocol
was performed. Erythrocytes counts (EC) were performed immediately before (EC,.) and after
(ECpost) €ach filtration, and erythrocyte trapping rate (%) was defined as (ECpe — ECpost) / ECpre.
Erythrocyte filterability and trapping rate were correlated in each step for data analysis.

Results: EC,,, was always greater than corresponding EC,. in every subject and in both steps.
Erythrocyte filterability in the step 1 (91.8 £ 2.1%) was close to that in the step 2 (90.0 £ 10.3%).
Likely, the trapping rate in the step 1 (77.8 + 2.4%) was close to that in the step 2 (79.4 £ 7.0%).
Mean filterability in step 1 did not differ from that in step 2 (p = 0.637), and the same was true with
respect to the mean trapping rate (p = 0.516). However, individual comparison between the
filterability and the trapping rate of both steps demonstrated no correlation.

Conclusions: The present findings indicate that erythrocytes in suspension are trapped
substantially by our nickel mesh filter. This trapping rate was not correlated to the erythrocyte
filterability obtained by the flow-pressure curve during the nickel mesh filtration. Therefore, the
erythrocyte trapping rate should be considered as a hemorheological parameter independent of the
erythrocyte filterability.

Keywords: Deformability; erythrocytes; filtration; nickel mesh; trapping.

1. INTRODUCTION zero filtration pressure [2,4,5]. Therefore, the
present study was designed to obtain the better
rheological understanding of the behaviors of
erythrocytes passing through the nickel mesh

filter.

2. MATERIALS AND METHODS

The deformability of circulating erythrocytes is a
major determinant affecting microcirculation in
vivo. However, the concept of erythrocyte
deformability has not been strictly defined as a
physical quantity. Moreover, sensitivity,
reproducibility and quantification of deformability

measurement depend on the hemorheological
techniques [1]. Erythrocyte deformation involves
cellular bending within capillaries showing the
minimum diameter less than an average
diameter of erythrocytes. Therefore, bending
deformability is defined as filterability, if filtration
process of erythrocyte suspension is quantitative
and reproducible. In our laboratory, deformability
of human erythrocytes has been investigated by
using a highly sensitive and quantitative nickel
mesh filtration technique. Impairment of the

deformability of erythrocytes obtained from
patients with hypertension, diabetes and
dyslipidemia was confirmed [2-6] and

improvement of the deformability by therapeutic
intervention was also observed [7]. However, the
erythrocytes behaviours during the filtration
process are unknown by this nickel mesh
filtration technique, i.e., it is unclear whether all
the erythrocytes are passed through the nickel
mesh filter or a fraction of the erythrocytes is
trapped by this filter. Because flow-pressure
relationships obtained by the filtration of
erythrocyte suspension pass through the origin,
indicating that filtration is accomplished at the

2.1 Study Location

Blood sampling of this study was performed at
the BOOCS clinic  (Fukuoka, Japan),
Hemoheological investigation was conducted at
the Institute of Rheological Function of Foods,
Co., Ltd. (Hisayama, Japan), and data analyses
and manuscript preparation was performed at the
Department of Medicine, Kyushu University
Hospital (Fukuoka, Jpapn).

2.2 Study Subjects

This study was performed according to the
Declaration of Helsinki (2008) by enrolling
apparently healthy subjects (n = 8) who visited
the BOOCS clinic (Fukuoka, Japan) for health
check. Signed informed consent was obtained
from each subject prior to the enroliment in the
study. Routine clinical examinations were
performed. Laboratory data were extracted from
medical records in a blind manner. The study
design was approved by the internal ethics
committee of the Institute of Rheological
Function of Foods, Co., Ltd. (Hisayama, Japan).



2.3 Erythrocyte Suspension

Human erythrocyte suspensions were prepared
as described elsewhere [2,5,7]. About 10 mL of
venous blood was sampled from the antecubital
vein of subjects (n = 8) after overnight fasting
using 21-gauge needles and disposable syringes
(Terumo Japan, Tokyo, Japan) filled with 1/10
volume of 3.8% trisodium citrate as an
anticoagulant. After centrifugation at 1,300 x g for
10 minutes, the supernatant was carefully
aspirated to replace the buffy coat and plasma
with saline buffered with N-(2-hydroxyethyl)-
piperazine-N'-2-ethanesulfonic acid (HEPES)
sodium salt (HEPES-Na). The composition of
HEPES-Na-buffered saline (HBS) was NaCl 141
mM and HEPES-Na 10 mM. The osmolality and
pH of the HBS were 287 mOsm/kg-H,O and 7.4,
respectively. The osmolality of the HBS was
measured using a freezing point depression type
osmometer (Fiske Mark 3 Osmometer, Fiske
Associates, MA, USA). Intact erythrocytes were
then washed three times by repeated
centrifugation at 800 x g, 600 x g, and 500 x g for
10 minutes, respectively, to make final
erythrocyte suspension for filtration experiment.

2.4 Nickel Mesh Filter

Fig. 1A shows a scanning electron microscopic
photograph of a nickel mesh filter that was
produced in accordance with our specifications
by a photofabrication technique (Dainippon
Printing Co., Ltd., Tokyo, Japan). We specified
that this filter should have an outer diameter of
13 mm, a filtration area of 8 mm in inner
diameter, a filter thickness of 11 ym, an interpore
distance of 35 ym and a pore number of about
55,600 (Tsukasa Sokken Co., Ltd., Tokyo,
Japan). The vertical and cylindrical pores were
distributed regularly across the filter without
coincidence or branching. The pore entrances
exhibited round and smooth transition into the
pore interior. Diameter is exactly identical in all
the pores in a specific nickel mesh filter. Filters
showing a specific pore diameter ranging from
2.90 to 6.00 ym are available for selection
depending on the suspension materials [4]. After
repeated preliminary experiments to select an
appropriate pore size, nickel mesh filters with
respective pore diameters of 6.00 ym (step 1)
and 5.31 ym (step 2) were used.

2.5 Erythrocyte Filterability

A filtration study was performed blindly using a
nickel mesh filtration apparatus (Model NOBU-II,
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Tsukasa Sokken Co., Ltd., Tokyo, Japan), as
shown in Fig. 1B. In brief, the relation between
hydrostatic pressure (P; mmH,O) and time (t;
sec) was obtained during continuous filtration
according to gravity using a pressure transducer.
P was transformed to the height of a meniscus in
a vertical tube (h; mm). The tangent of the h-t
curve  determined by drawing  points
corresponding to different heights gives the rate
of fall of the meniscus (dh/dt). Thereafter, by
multiplying dh/dt by the internal cross-sectional
area of the vertical tube, the relation of flow rates
(Q; mL/min) and corresponding P (P-Q curve)
was obtained [6,7]. This procedure was
automatically performed by measurement
software installed on a personal computer (DELL
Latitude CS, Dell Inc., Round Rock, TX, USA)
and monitored on the main window of the
computer screen. Together with the start of data
acquisition, the measurement software displays
the real-time h-t curve continuously during the
filtration process. When filtration has been
completed, the software displays the P-Q curve.
The h-t and P-Q curves are stored
simultaneously in Microsoft Office Excel 2003 on
Windows XP (Microsoft, Tokyo, Japan). The
temperature of the specimens was kept at 25°C
by circulating isothermal water through a water
jacket surrounding the vertical tube (Fig. 1B).
The flow rate of the erythrocyte suspension as a
percentage of that of HBS at 100 mmH,O was
used as an index of erythrocyte deformability.
These experiments were performed at room
temperature (22 + 3°C).

2.6 Erythrocyte Trapping Rate

Erythrocyte counting (EC) and hematocrit (Ht)
measurement were performed in each step of
preparation of the final suspension used for the
following filtration experiment. The final Ht of the
erythrocyte suspension was adjusted to 2.0%.
EC was performed immediately before (ECg)
and after (ECps) the filtration study. Confirming
that EC,. was always greater than EC,u,
difference of EC produced by the filtration
process was considered to be based on the
numbers of erythrocytes trapped by the nickel
mesh per se during the filtration process.
Therefore, trapping rate of erythrocytes was
defined as follows;

Trapping Rate = (ECpe — ECpost) / ECpre (%)
Blood cell counting and Ht measurement were

performed using a hemocytometer (Ace Counter,
FLC-240A, Fukuda Denshi Co., Ltd., Tokyo,



Japan). These procedures were performed within
2 hours after blood sampling.

2.7 Study Protocols

Erythrocyte suspension with a Ht of 2.0% were
prepared, and EC,,. was obtained. First filtration
experiment was performed using a nickel mesh
filter with a pore size of 6.00 um, and erythrocyte
filterability = was  evaluated. Postfiltration
suspension was harvested and trapping rate was
calculated after obtaining EC. (step 1).
Erythrocyte suspension used in the step 1 was
diluted by HBS to the final condition where ECy
was adjusted to 9 x 10* /pl. Finally, filtration
experiment using a nickel mesh filter with a pore
size of 5.31 pym was performed using this
erythrocyte suspension. Erythrocyte filterability
was estimated and trapping rate was calculated
after obtaining ECpqg (step 2).

2.8 Data Analysis

All data are expressed as means * SD. For
statistical analyses, Kolmogorov-Smirnov test
was used first for normalityy, and test for
independence was applied to seek
independence of data distribution. To analyse the
difference of the corresponding two steps,
comparison of normally distributed continuous
variables was conducted with paired Student’s t
test, and that of other variables was performed
by the Wilcoxon’s sign rank test. Multiple
correlations were performed by Pearson’s
analysis when data showed normality and by
Spearman’s analysis when data did not show
normality. These analyses were performed using
Bell Curve for Excels version 2.12 (Social Survey
Research Information Co., Ltd., Tokyo, Japan).
Differences with two-sided p < 0.05 were
considered significant.

3. RESULTS

Erythrocyte numbers in suspension with a Ht of
just 2.0% prior to the step 1 filtration (ECg)
ranged from 32 x 10*pl to 39 x 10*ul (34.9 + 2.5 x
10*ul, n = 8), whereas ECp.s in step 1 ranged
from 24 x 10*ul to 30 x 10*ul (27.1 £ 2.0 x 10*yl,
n = 8). With respect to the step 2 filtration, ECye
was adjusted to 9 x 10* /ul, and EC,ost ranged
from 6 x 10*ul to 8 x 10*ul (7.1 + 0.6 x 10*ul, n =
8). EC,e was greater than corresponding ECpost
in every subject and in both steps. Therefore,
erythrocyte trapping rate ranged from 73% to
81% (77.8 + 2.4%) in the step 1 filtration and
from 67% to 89% (79.4 £ 7.0%) in the step 2
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filtration. Trapping rate in the step 1 showed
normality, whereas that in the step 2 did not
show normality. Mean trapping rate in the step 1
did not differ from that in the step 2 (p = 0.516).

Representative flow-pressure curves obtained by
nickel mesh filtration technique in the step 2 were
presented in Fig. 2. Flow-pressure relationships
obtained by HBS filtration showed straight line

passing through the origin, whereas the
relationships obtained by the filtration of
erythrocyte suspensions displayed smooth

curves convex to abscissa and passed through
the origin. These confirm that cell-free medium
(i.e., HBS) is Newtonian fluid and erythrocytes-
suspending medium is not Newtonian fluid.
Filterability calculated by these curves yielded
86.2%, 83.8% and 82.4% in the respective three
subjects  enrolled.  Erythrocyte filterability
evaluated in the step 1 ranged from 88% to 93%
(91.8 £ 2.1%, n = 8), whereas that in the stage 2
scattered from 65% to 96% (90.0 + 10.3%, n =
8). Filterability in the step 1 showed normality,
whereas that in the step 2 did not show
normality. Mean filterability in the step 1 did not
differ from that in the step 2 (p = 0.637).

Individual filterability and trapping rate of two
steps were demonstrated in Fig. 3. Spearman’s
comparison between the filterability and the
trapping rate of both steps demonstrated no
significant  correlations, and test for
independence revealed no dependence at all
among the four parameters (Cramer’s V = 0.032,
p = 0.995).

4. DISCUSSION
4.1 Main Findings

The main findings of this study using the
sensitive, reproducible, and quantitative nickel
mesh filtration technique (Fig. 1) are that
significant numbers of erythrocytes are trapped
by this nickel mesh filter during filtration process,
that erythrocyte filterability are not correlated with
erythrocyte trapping rate, and hence that the
trapping rate should be considered as an
independent rheological parameter of
erythrocytes aside from the filterability.

4.2 Hematocrit Adjustment

In our preliminary experiments, Ht was titrated to
realise sensitive and reproducible filtration of
erythrocyte suspension. For this purpose, nickel
mesh filter was sonicated after each filtration



experiment to prevent filter fouling. Complete
cleansing of nickel mesh filter was confirmed by
filtration of HBS and obtaining the linear flow-
pressure relation which was completely
superimposed with the previous linearity of HBS
filtration, because this linearity is compatible to
the Newtonian behavior of HBS. This sonication
depends on Ht of the erythrocyte suspension,
i.e., the greater Ht required the longer sonication
time. Finally, Ht of erythrocyte suspension was
adjusted to 2-3% depending on the species
(human or rats) [2, 4]. This low Ht was supposed
to allow the measurement of filterability in all the
erythrocytes without aggregation [8], although
erythrocytes behaviors during filtration process
were not clear.

4.3 Microstructure of Nickel Mesh Filter

The sensitivity and the reproducibility of the
filtration technique depend on the microstructure
of the filter. Material of the filter is nickel, resistant
to repetitive sonication, which is essential to
avoid membrane fouling. This filter shows
completely regular distribution of numerous
pores with their uniform diameter (Fig. 1A). The
pores have no branching and no coincidence
across the filter. Moreover, the pore entrance
shows round and smooth transition into the

inside, i.e., tapering of pore entrance prevents
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mechanical activations of leukocytes or platelets
contaminated in the erythrocyte suspension, if
any. This tapering is considered to prevent the
mechanical damage on erythrocytes and to
promote smooth bending deformation of
erythrocytes going into the filter inside. Our
colleagues investigated the correlation between
the pore size measured by scanning electron
microscopic (SEM) examination (y) and the pore
size calculated by Hagen-Poiseuille’s law applied
to the flow-pressure relationship obtained by
clean air flowing through the nickel mesh filter
(x). They obtained the regression equation of y =
0.94 x—0.74 [9].

This comparative investigation demonstrates
highly linear regression (r‘2 = 0.98, p = 0.0001)
between the SEM-measured pore size (y) and
aerodynamically calculated pore size (x).
Moreover, this study indicates that the former is
always smaller than the latter, i.e., SEM
observation allows the measurement of minimum
size of pores at the middle depth of the nickel
mesh filter, whereas aerodynamic calculation
reflects smooth tapering around the pore
entrance at the surface of the filter, which has
significant rheological impact on the natural and
fluent erythrocyte filtration process, allowing
smooth bending of erythrocytes entering the pore
inside.

h=P/p-g
. 0 =(A4hiat)(p/2) -z
/ )

cross-sectional
area

flow velocity

Refrigerated
Isothermobath

Fig. 1. A: Scanning electron microscopic (SEM) photograph of a nickel mesh filter.
Magnification of a single pore in the nickel mesh shows the smooth transition into the pore
interior (inset). B: Schematic illustration of the nickel mesh filtration system. The two
equations indicate how to calculate the relationship between the flow rate (Q) and filtration
pressure (P). The height of the meniscus (h) within the vertical tube was obtained by the
continuous reduction of P during the filtration, specific gravity of the specimens within the
tube (p), and acceleration of gravity (g). Q was calculated automatically by the first time
derivative of h (dh/dt) and internal cross-sectional area of the tube (D, internal diameter of the
vertical tube). The obtained P-Q relationship is displayed on the computer screen.
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Fig. 2. Pressure-flow curves obtained by nickel mesh filtration technique at the step 2.
Filtration of HEPES-buffered saline (HBS) yielded linear pressure-flow relationship, whereas
the filtration of erythrocyte suspensions obtained by three different subjects showed curves
convex to abscissa. Filterability is calculated by flow rate (ml/min) of erythrocyte suspension
divided by that of HBS at the filtration pressure of 100 mmH,O (b,/a, bo/a and bs/a). Note that
flow rate of erythrocyte suspension is always lower than that of HBS at any filtration pressure,
and that linearity of HBS is superimposable indicating the reproducibility of this filtration
system.
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Fig. 3. Erythrocyte filterability (%) in the step 1 (') and 2 (") and erythrocyte trapping rate (%) in
the step 1 (H) and 2 (A) of all the enrolled subjects (n = 8) are indicated. No specific correlation
between the two steps were found, and the filterability was independent from trapping rate.



4.4 Comparison of
Trapping Rate

Filterability with

So far, in our laboratory, erythrocyte deformability
was considered as filterability (%) defined as a
flow rate of erythrocyte suspension divided by a
flow rate of HBS at 100 mmH,O (Fig. 2). In this
filtration process, we have no guarantee
concerning whether all the erythrocytes in
suspension passed through the numerous
narrow pores or not. In the present study, we
found that approximately 20% of erythrocytes in
suspension (Ht of 2.0%) were trapped by a nickel
mesh filter pores, which is independent of the
pore size (Fig. 3).

Erythrocyte suspension contains numerous
erythrocytes with various stages of aging up to
120 days. Circulating mature erythrocytes are
gradually aging, and intravascular mechanical,
osmotic or oxidative stress declines ATP
production based on erythrocyte membrane
glycolysis. These stresses cause intracellular
Ca®* accumulation associated with PIEZO1 and
Gardos channel appearance [10] leading to
cellular dehydration [11], decreased membrane
fluidity [12 - 14] and impairment of deformability
[15 - 17]. Trapped erythrocytes are assumed to
be the population containing aged, damaged or
dehydrated erythrocytes. On the other hand,
erythrocyte filterability is based on the flow-
pressure curve of erythrocyte suspension
obtained by filtration process. Filterability of
erythrocytes  reflects the population  of
erythrocytes passing through the nickel mesh
filter.  Therefore, filterability reflects the
erythrocyte population which differs from the
population reflected by trapping rate.

There have been several investigations reporting
that circulating erythrocytes in vivo are trapped
selectively by organs damaged by ischemia-
reperfusion insults [18] and that adhesive or
dense erythrocytes (such as sickle cells) are
trapped by intact vascular endothelium leading to
thrombus formation [19]. These pathological
phenomena lead to vascular occlusion and
damaged organ congestion. It is of importance
that our two-step protocol demonstrated that the
filterability and trapping rate in the first step (pore
diameter of 6.00 ym) showed normality, whereas
those in the second step (pore diameter of 5.31
pm) did not show normality. These indicate 1)
that dense or aged erythrocytes are present as a
fraction of erythrocytes population and trapped
by the two step filtration system, and 2) that pore
size of 5.31 um is critical for damaged
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erythrocytes to pass through the filter. This may
be supported by our observation that standard
deviations of both mean filterability and trapping
rate in the second step were larger than those in
the first step.

5. CONCLUSIONS

Although this is a small-sample study and should
be applied to patients showing microcirculatory
disturbance such as hypertension, diabetes or
dyslipidemia, this study demonstrated that a
fraction of erythrocytes in suspension are
trapped by the nickel mesh filters during the
process of filtration according to the gravity in
apparently healthy subjects. The nickel mesh
filters show a regular distribution of uniform pores
with identical diameter less than average
diameter of human erythrocytes. The trapping
rate was calculated by erythrocytes counts
immediately before and after the filtration. The
trapping rate was not correlated to the
erythrocyte filterability obtained by the flow-
pressure curve during the filtration. Therefore,
the erythrocyte trapping rate should be
considered as a hemorheological parameter
independent of the erythrocyte filterability.
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