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Important public health problems worldwide such as obesity, diabetes, hyperlipidemia and coronary dis-
eases are quite common. These problems arise from numerous factors, such as hyper-caloric diets, sedentary
habits and other epigenetic factors. With respect to Mexico, the population reference values of total cho-
lesterol in plasma are around 200 mg/dL. However, a large proportion has higher levels than this reference
value. In this work, we analyze the rheological properties of human blood obtained from 20 donors, as a
function of cholesterol and triglyceride levels, upon a protocol previously approved by the health author-
ities. Samples with high and low cholesterol and triglyceride levels were selected and analyzed by simple-
continuous and linear-oscillatory shear flow. Rheometric properties were measured and related to the struc-
ture and composition of human blood. In addition, rheometric data were modeled by using several con-
stitutive equations: Bautista-Manero-Puig (BMP) and the multimodal Maxwell equations to predict the flow
behavior of human blood. Finally, a comparison was made among various models, namely, the BMP, Car-
reau and Quemada equations for simple shear rate flow. An important relationship was found between cho-
lesterol, triglycerides and the structure of human blood. Results show that blood with high cholesterol levels
(400 mg/dL) has flow properties fully different (higher viscosity and a more pseudo-plastic behavior) than
blood with lower levels of cholesterol (tendency to Newtonian behavior or viscosity plateau at low shear

rates).
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1. Introduction

The existence of highly-developed multicellular organ-
isms is unthinkable without an adequate blood supply to
the tissues. Blood carries and removes gases, nutrients,
metabolites and heat from the tissues. Human blood is a
complex, non-Newtonian fluid, which flows in most tis-
sues of the human body. It is a suspension of red cells in
a liquid (plasma) (Schmid-Schénbein et al., 1968); the lat-
ter is composed of water, inorganic ions, hormones, glu-
cose and proteins and amounts to 55% of the whole blood.
Erythrocytes are the main cells of human blood with con-
tents of 40-50 vol.% in males, 36-44 vol.% in females
(Esteridge et al., 2000). Red blood cells dictate the rheo-
logical behavior of human blood due to their high content.
Among other components, the cholesterol concentration
influences the level of transient interactions among cells.

Flow properties are affected by arrangement, orientation
and deformability of blood cells (Thurston, 1972; 1975).
Human blood exhibits a shear thinning behavior arising
from the disruption by flow of weak cell aggregations.
These aggregations are transient structures formed by red
blood cells which build-up and break-down according to
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the flow strength. Aggregation of blood cells is promoted
by the cholesterol macromolecules, which generate
“bridges” between membranes reducing the natural elec-
trostatic repulsion between cells.

Overall blood flow is a complex combination of various
flows, including simple shear and pulsatile in oscillating
diameter channels (arteries and veins) through the cardio-
vascular system. Several transient structures undergo a
process of formation and deformation within the blood
flow. To facilitate the understanding to predict blood flow
behavior, it is convenient to analyze the blood under rhe-
ometric-controlled flows. The main objective of this paper
is to provide further understanding of the flow behavior of
blood by analyzing the effect of total cholesterol (TC) and
triglycerides (TG) content on the rheology of human
blood.

1.1. Samples of human blood

Samples were obtained from 20 donors in the National
Institute of Cardiology from research protocols of dyslip-
idemia and other metabolic disorders. Blood was extracted
by venous puncture and later stored in tubes with EDTA
(Ethylenediaminetetraacetic acid) to avoid coagulation
effects. Analysis was performed with 20 samples of
human blood with different levels of total cholesterol, tri-
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glycerides, fibrinogen efc. but we selected just 12 samples
for graphics in this paper. Most of the samples obtained
for this study had moderate concentrations of total cho-
lesterol, triglycerides, and fibrinogen. Therefore, there are
larger number of samples with moderate rather than
extreme cholesterol contents. These samples have no sig-
nificant differences in the hematocrit level (the average
value between samples is 42 +2%). Two tubes of 5 mL
for each patient were collected. The first tube was used for
biochemical determinations of total cholesterol and tri-
glycerides (the kit used is from Biosystem® Clinical
Reagents). The second tube kept the samples for rheolog-
ical measurements, which were readily performed during
the first few minutes after extraction. Stored red cells
undergo changes in their shape, deformability and in their
hemoglobin function, taking several hours to return to nor-
mal conditions following transfusion (Hogman, 1999;
Hogman and Meryman, 1999; Longster ef al., 1972). The
most representative samples were chosen for mathemati-
cal modeling (20 samples were analyzed), since in most
cases samples had similar plasmatic levels of total cho-
lesterol and triglycerides and total proteins. Table 1 sum-
marizes the clinical data for selected blood samples under
study. Samples H1-H6 have high cholesterol levels and
samples L1-L6 lie within the average range (Lerman-Gar-
ber et al., 1993).

Triglycerides content in blood is associated with cho-
lesterol content, in as much as high cholesterol levels are
accompanied with high plasmatic concentration of tri-
glycerides. Nonetheless, this relationship is not entirely
linear and may be modified by various diseases (diabetes,
obesity, sedentary habits and familiar hyper-trigliceridemia)
and/or eating habits (hyper-caloric diets). It has been
reported that triglycerides contents are associated with
high blood viscosity (Rosenson et al., 2002), although
measured with a viscometer at a single shear rate. In this
regard, the complex rheological behavior of blood requires
more suitable equipment and more detailed rheological
tests, which are the motivations of this work. ANOVA
analyses were made in order to compare the distribution of
samples and all error values have been included.

2. Theoretical Section

2.1. The BMP constitutive equation

This constitutive equation contains an evolution equa-
tion for structure modification (Fredrickson, 1970), writ-
ten in terms of the fluidity ¢ (inverse viscosity) bounded
by two characteristic fluidities: the zero strain-rate fluidity
¢, and the high-strain rate fluidity ¢, . It involves a term
for structure changes which is proportional to the viscous
dissipation and a kinetic constant &, and another term for
structure reformation proportional to a characteristic fre-
quency A '. This equation is coupled dynamically to a
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well-established non-linear objective rheological equation
of state, the upper-convected Maxwell equation:
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In Egs. (1) and (2), tis the stress tensor, D is the rate
of strain tensor, ¢ is the upper convected derivative of the
stress tensor, O is a structure-dependent relaxation time
5=(G,p) ", and G, is the elastic modulus. Eqgs. (1) and
(2) involve an underlying process of structure breakage
and reformation, analogous to reversible kinetics with two
rate constants, A~ and k. When the flow strength is high,
the breakage process dominates and the viscosity level
attains values near ¢, , while in the case of slow flows,
the reformation process dominates with characteristic vis-
cosity ¢, . These coupled equations can predict primary
creep or yield stress, a shear thinning or shear-thickening
viscosity and elastic responses under unsteady-state flows,
including thixotropy. For simple shear flow, Egs. (1) and
(2) become:
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Here, 7, is the shear stress, j is the shear rate, N, and N,
are the first and second normal-stress differences.

For steady simple-shear flow, the time derivatives become
zero, and upon combination of Egs. (3) and (4), a qua-
dratic equation for the fluidity is obtained. The non-neg-
ative root gives the steady-state fluidity:
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The shear viscosity is readily obtained:
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Complex fluids, such as human blood, present a spectrum
of relaxation times, which is necessary to be accounted for
in the model. A plausible generalization to include the
spectrum is the summation of stress contributions of the
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solvent (plasma) and various modes corresponding to dif-
ferent structures under flow. This concept can be expressed
as follows:

N
=2 r+2nD, ©
i=1

where 7, is the plasma viscosity and the stress contribution
reflects the presence of various structures in the blood. The
viscosity in turn for the multi-mode model may be expressed
as:
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Eq. (10) can be expressed as Eq. (11), we introduced a new
parameter “f” that is defined as multiplication of £ and A
constants.

2.2. Material properties

The BMP model was selected in this study due to its
ability to predict the rheological behavior of structured
fluids such as worm-like micellar solutions, dispersions of
lamellar liquid crystals and associative polymers. In addi-
tion, the model reproduces the flow curve of shear-thin-
ning and shear-thickening fluids, i.e., a Newtonian plateau
at low and high shear rates and the intermediate power
law region for viscosity, non-vanishing normal-stress dif-
ferences. It also gives a reasonable description of the elon-
gational viscosity and stress relaxation and start-up curves,
thixotropy and shear banding flow (Bautista et al., 1999;
2000; 2002; Manero et al., 2002; Calderas et al., 2009;
Herrera et al., 2009; 2010; Soltero et al., 1999). Analytical
solutions for a variety of flows are obtained due to its sim-
plicity as compared to more complex models (Acierno et
al., 1976; de Kee et al., 1994; Giesekus, 1966; 1982;
1984). Furthermore, the five parameters of the model are
related to the fluid properties and can be estimated from
independent rheological experiments in steady and unsteady
state (Loffler et al., 2005). The viscosities 7,, 7, can be
obtained from the low and high-shear-rate plateau in steady
shear measurements. The modulus (G,) can be obtained
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by oscillatory shear measurements or from instantaneous
stress relaxation experiments. The agreement between the
values of G; obtained from these two experiments is
within 10%. BMP constants A and k are defined as char-
acteristic time for structure built up and a kinetic constant
for destruction of structure respectively (Bautista et al.,
1999). The structural relaxation time A can be estimated
from the intercept of the stress relaxation times at long
times after cessation of steady shear flow. The kinetic con-
stant &, in turn, can be evaluated from the stress growth
upon inception of shear flow (Soltero et al., 1999).

2.3. Oscillatory flow

In small deformation flows, the BMP equation reduces
to the linear Maxwell model. In small amplitude oscilla-
tory flow, the multimode version of the model renders the
well-known expressions of storage and loss moduli.

N P
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Provided that the zero strain rate viscosity is:
N
Mo = 2 Gii. (14)

In the following section, results under steady-state flow,
oscillatory flows are provided in blood samples with var-
ious cholesterol concentrations.

2.4. Mathematical modeling

The BMP model can reproduce the shear thinning
behavior and elastic and viscous modulus of human blood
under oscillatory deformations. We are considering the
general model (BMP) with simplifications for different
flow conditions, in the linear viscoelastic regime it reduces
to the Maxwell model, provided that the parameters of the
model are the same for both flow modes (oscillatory and
continuous simple shear). The linear viscoelastic response
was modeled with the multi-mode Maxwell model,
expressed in terms of elastic and viscous moduli. This
model contains specific parameters which represent char-
acteristic values of relaxation time and moduli. These
parameters were calculated for each sample using nonlin-
ear regression data of corresponding oscillatory tests.
Experimental results and modeling are used to explain the
rheological behavior of the investigated samples.

The viscosity curve presents three different zones. The
first one is located at low shear rate where erythrocytes
remain close to each other, the second one at moderate
shear rate wherein the erythrocytes are oriented in the
flow direction and the last one at high shear rate, where
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the erythrocytes are completely deformed and oriented. As
shown later, each disaggregation processes can be described
by one mode of the BMP model.

Among other models or approaches intended to describe
the rheological behavior of blood, the Quemada model has
been reported to represent the rheological behavior under
shear-flow of blood samples (Marcinkowska-Gapinska et
al., 2007). The model is based on five parameters: 7, is
the viscosity at high shear rate, k, is the maximum volume
fraction for zero shear rate, k, is the maximum volume
fraction for infinite shear rate, y, is characteristic rate of
rouleaux formation/degradation and Hct is the hematocrit.
In addition, the Carreau model has also been reported to
describe the rheological behavior of blood under shear
flow (Johnston et al., 2004).

3. Experimental Section

3.1. Rheological characterization

Rheological tests were performed in a controlled stress
theometer (AR-G2, TA® instruments) equipped with a
double concentric cylinder fixture adapted for 5 mL sam-
ples. The concentric cylinders geometry was used because
it is appropriate to low viscosity fluids, it keeps a uniform
temperature preventing evaporation (a water seal was
used) and the velocity gradient in the gap is nearly con-
stant. In the parallel plates, on the other hand, a correction
is needed due to the non-homogeneus radial dependence
of the shear rate. In addition the gap in this geometry
needs to be adjusted for each sample. The accuracy and
reproducibility of rheological measurements can be affected
by the tendency of blood cells to sediment, and by sample
confinement size and geometry (Li et al., 2006). This was
minimized by performing the measurements right after
extraction and avoiding the use of the cone and plate
geometry (it is not recommended for suspensions due to
the aspect ratio effects of the red cells and gap). All mea-
surements were performed under increasing and decreas-
ing steady state shear rate protocols i.e. each viscosity
point was taken under steady state (< 0.5% variation) time
to reach steady state varies depending on the applied shear
rate, but always longer than one minute . All measure-
ments were confirmed in increasing and decreasing steady
state shear rate protocols i.e. each viscosity point was
taken in steady state (<0.5% variation) and the time to
reach steady state varies depending on the shear rate
applied but in no case was set under 1 minute. The first
step in all rheological tests is the application of pre-shear-
ing with a shear rate of 7 =1 s to homogenize the pro-
teins in the plasma and red blood cells, in a period of one
minute. Simple-shear tests were performed from j =
1 s'to =300 s". The steady state for a given applied
shear stress was attained past the initial transients for each
value of stress, with a waiting time enough to obtain the
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time independent curve. Oscillatory tests were performed
in a frequency range from @=1rads™ to ®=300 rads™
in the linear viscoelastic range. The linear viscoelastic
range was identified by performing a strain amplitude
sweeps at constant stress. The temperature was always
kept at 37°C emulating the conditions of blood within the
human body.

3.2. Microscopy

The microscopy study was carried out with blood add-
ing EDTA in tubes. When the EDTA anticoagulant is
used, a drop of a specimen is placed on a flat surface and
a clean coverslip with smooth edges held at about a 45° tilt
is used to spread the drop to produce a uniform film (Lof-
fler et al., 2005). A microscope E2000LED MV Series
Nikon® with a digital camera was used, with a total mag-
nification of 1000 x.

4. Results and Discussion

4.1. Continuous simple-shear flow

Fig. 1 shows the simple-shear viscosity of samples dis-
closed in Table 1. The sample with the lowest cholesterol
level shows an initial quasi-Newtonian region followed by
shear-thinning at high shear rates (> 10 s™'). The quasi-
plateau asymptote increases with cholesterol content and a
more pronounced shear-thinning region appears at low
shear-rates for the samples with the highest cholesterol
content (HI1-H6). Red cells aggregation is an interesting
phenomenon in hemo-rheology, influencing the in-vitro
rheological properties of blood. Plasmatic levels of total
cholesterol and triglycerides usually modify the degree of
aggregation. At low shear rates, the zero shear-rate vis-
cosity is strongly dependent on RBC aggregation; an
enhanced RBC aggregation caused by the increasing cho-
lesterol content leads to the apparition of yield stresses in
these samples. At moderate shear rates, RBC tend to sep-
arate and disaggregate, inducing shear thinning. At high
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Fig. 1. Viscosity of blood samples with various cholesterol lev-
els under simple shear flow.
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Table 1. Clinical data for the blood samples used in this study. Samples H1-H6 have high cholesterol levels and samples L1-L6 lie

within the average range. ANOVA analysis o < 0.05.

Sample TC (mg/dL) GC (mg/dL) HDL (mg/dL) LDL (mg/dL) Fibrinogen (mg/dL) Het (%)
H1 400+ 123 250+ 6.1 35505 1355+3.2 284+7.1 482=+1.1
H2 268 £3.7 157+£2.6 36.1+0.9 130.8+3.1 278 £6.9 479+1.0
H3 250+3.5 187+3.4 38.2+0.7 139.4+34 273 +£6.6 48.0+1.1
H4 290+4.0 160+3.2 40.6+1.0 149.1£3.6 278+ 6.8 47.8+1.0
H5 300+4.1 190+ 3.3 389+0.7 136.0+3.3 286+7.1 479+1.0
Hé6 310+£4.3 197+3.6 36.8+0.6 149.1£3.6 285+7.0 49.0+1.2
L1 187+3.6 180+3.3 48.8+1.1 159.1£4.0 288+7.2 48.7+1.1
L2 164 +3.1 122+22 46.7+1.0 1489+3.6 275+ 6.4 488+1.0
L3 109+2.1 130+2.3 47.6+0.9 146.8+3.5 270+ 6.5 49.0+1.2
L4 180+3.5 145+2.6 40.6+0.8 1445+35 278+ 6.5 479+1.0
L5 150+2.8 130+2.2 449+1.0 153.6+£3.0 285+7.0 48.5+1.1
L6 165+3.2 125+22 39.8+0.7 154.8+3.1 280+72 48.6 1.1
*ANOVA, a<0.05.
ona aggregation (RBC) consider bridging and depletion. In the
- bridging model, red cell aggregation is proposed to occur
_ when the bridging forces due to the adsorption of macro-
0.3 P molecules onto adjacent cell surfaces exceed disaggregat-
e o, ing forces due to electrostatic repulsion, membrane strain
:‘!am - . and mechanical shearing (Brooks, 1973, 1988; Chien et
] . al., 1973, 1987; Snabre and Mills, 1985; Solheim et al.,
. s g " o 2004). This model is similar to others which propose cell
oot} e 7~ o interactions like agglutination, except that the proposed
' - adsorption energy of the macromolecules is much smaller,
o in accord to the relative weakness of these forces. In con-
7 150 200 250 300 350 trast, the depletion model proposes quite the opposite. In

Total cholesterol [mg/dL)

Fig. 2. Blood viscosity as a function of cholesterol content at
7 =1s7". The line shows a linear regression of data.

shear rates, RBC deformation occurs and the cells orient
in the flow direction, attaining values in the range of the
plasma viscosity. This is the reason why we choose to cor-
relate the zero shear rate viscosity with total cholesterol
content in Fig. 2. These curves evidence the ability of total
cholesterol to promote cell aggregation (Saldahna et al.,
2011); these cell aggregates are transient and easily dis-
rupted by flow. At the surface of the cell membranes, mol-
ecules with polar characteristics (such as sialic acid)
induce a negative charge to the membrane and hence the
interaction between the two cells is repulsive, but none-
theless fibrinogen neutralize these charges.

In this work, donors presented only metabolic syndrome
(high plasmatic levels of total cholesterol and triglycerides),
but they do not present hyper-gammaglobulinemia or
hyper-proteinemia, consequently the occurrence of the
rouleaux structure is not likely (Ford, 2013). Presumably,
molecules of cholesterol promote lower repulsion and thus
cell aggregation; consequently, models for red blood cell
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this model, RBC aggregation is explained to occur as a
result of a lower localized protein or polymer concentra-
tion near the cell surface compared to the suspending
medium (i.e. relative depletion near the cell surface). This
exclusion of macromolecules near the cell surface leads to
an osmotic gradient and thus depletion interaction (Snabre
et al., 1985). As with the bridging model, disaggregation
forces are electrostatic repulsion, membrane strain and
mechanical shearing (Baumler et al., 1996).

It is evident that cholesterol content plays an important
role in modifying the viscosity of blood. In Fig. 1, the
sample with the highest level of total cholesterol has the
highest viscosity (H1) and the sample with the lowest
level of cholesterol displays the lowest viscosity of all
samples (L3). Samples with high cholesterol levels (H1-
H6) show a similar trend as a yield stress fluid with vis-
cosity increasing as shear rate decreases. Blood with high
cholesterol levels causes arteries clogging in the long run
and also causes the heart to work harder to move a more
viscous fluid. However, the relation between cholesterol
content and viscosity is not a simple one. Viscosity does
not increase linearly with cholesterol content although it is
an important contributor to build up viscosity as shown in

5
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Fig. 2, where viscosity values taken at 1 s~ are plotted as
a function of the cholesterol content in 20 blood samples.
Fig. 2 shows an evident tendency of increasing blood vis-
cosity with total cholesterol content. It is important to
mention that the larger differences in blood viscosity are
observed at low shear rates (zero shear rate viscosity). For
this reason, the viscosity values depicted in Fig. 2 are
taken at 1 s™'. At shear rates of about 100 s, curves tend
to overlap and this does not allow a proper appreciation of
the influence of cholesterol on blood viscosity. It is then
very important to evaluate the viscosity along a wide
range of shear rates and not only at a single shear rate.
Triglycerides (TG) content in blood presents no direct
influence in blood viscosity as in the case of cholesterol.
This can be observed in Table 1 and Fig. 1; for example,
sample L1 has the highest TG level in the low-cholesterol
samples (L1-L6) even higher than in samples H2 and H4.
However, sample L1 is one of the samples with the lowest
viscosity (see Fig. 1). Another example is sample H3,
which has a high TG level compared with the other sam-
ples of the low cholesterol level set (H1-H6). Neverthe-
less, sample H3 has the lowest viscosity values of all
samples (in the shear rate range 3-20 s™') of the low cho-
lesterol set and this is determined by its relative low cho-
lesterol content and not by its high TG value (see Table 1).

4.2. Small amplitude oscillatory shear flow (SAOS)
Fig. 3 shows the complex viscosity versus oscillatory
frequency. It is interesting to note that the viscosity decrease
observed in the continuous shear-flow experiments is
absent here (the Cox-Merz rule is not followed). Almost
all samples show a viscosity plateau, which reinforces the
hypothesis that cholesterol increases the transient cell
interactions. These interactions are not disrupted using
small amplitude oscillatory shear, indicating that these
aggregations are stable to this flow. Again, the sample
with the highest cholesterol content shows the highest
complex viscosity and they almost overlap (H1-H6). Two
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Fig. 3. Complex viscosity as a function of frequency measured
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6

10,

L ]

L 3 ]
L]
LR ]

G'[Pa]
b
[
-
(3]
Y
oo, »we
B0 4
B 4
L=
obo g

o0 4
oo

r H4

EIQ?I‘

my s
L
>, W
® 4

o.01

o Qpeen

o g

oQgwn

v L4

b IS
owpm
S X

ne 4O

o001

~M™ 2 B

e T R
wrad 577)

sl

Fig. 4. Elastic modulus as a function of frequency under a SAOS
test for blood samples with various cholesterol levels.

sets of curves are then suggested, those with high levels of
cholesterol (H1-H6) and those with low levels of choles-
terol (L1-L6).

Fig. 4 depicts the elastic modulus against oscillatory fre-
quency, wherein two different behaviors are observed. The
high- cholesterol samples (H1-H6) show larger elasticity
and in general, they show similar slopes at low frequency,
with the exception of the H1 sample, which shows a slope
change at low frequency. This terminal behavior is indic-
ative of strong interactions in heterogeneous systems, also
observed in other complex fluids (Calderas et al., 2009;
Marcinkowska-Gapinska et al., 2007; Baskurt and Meisel-
man, 2013) and presumably is ascribed to the combined
effect of high cholesterol and triglycerides content. These
two associated structures cause the formation of a strong
interacting network by cell aggregation and complex
molecular interactions. This is still a speculative issue
since it is difficult to find donors with the suitable cho-
lesterol and triglycerides contents for a full analysis. Sam-
ples with low cholesterol levels depict a different behavior
with an evident slope change at intermediate frequencies
(20 s™) and lower elasticity. Sample L1 shows a slight
slope change attributed to the cholesterol content (L1 has
the highest cholesterol level in this group).

Fig. 5 shows G’ against G" constructed using the linear
viscoelastic data of the blood samples. Two sets of curves
are clearly distinguishable, one for high cholesterol levels
(H1-H4) and another one for low levels (L1-L6). Since
blood is predominantly viscous along the frequency range,
both sets of curves lie in the region of viscous behavior
above the crossover line (G'= G"). To illustrate the suit-
ability of this representation, it is interesting to note that
sample L3 lies apart from the low cholesterol set at low
frequency. This behavior is attributed to the high triglycer-
ide content of this sample combined with low cholesterol
levels. Sample H1 also lies outside of the group of curves
having high cholesterol content, attributed to its very high
cholesterol content.

Fig. 6 depicts SAOS data in the form of #" versus 5’
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(imaginary and real parts of the complex viscosity).
Again, two sets of curves are observed, quite separated
each other. The dominant relaxation mechanism is also
clearly observed (maximum in the curves). However the
set of curves with low cholesterol levels, except LI,
depicts two characteristic relaxation times (curves exhibit
a minimum and subsequently spikes, ascribed to a second
relaxation process). Sample L1 does not exhibit the sec-
ond relaxation which is in common to the high cholesterol
samples. This representation is useful to show that the
cholesterol layer screens interactions among the eryto-
cytes that lead to a single dominant relaxation mechanism.
Samples with two relaxation mechanisms exhibited by the
Cole-Cole plot have been reported in other systems (such
as polymer blends) in which the second relaxation mech-
anism is attributed to non-homogeneities in the system
(Giesekus, 1966; Li et al., 2006).

4.3. Microscopy

The slide glass preparation was performed according
with the hematological smear technique (Loffler et al.,
2005). Optical microscopy tests for two samples with high
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Fig. 7. Blood smears of (a) high (H1 left) and (b) low (L3 right)
cholesterol sample.

(H1) and low (L3) cholesterol levels are shown in Fig. 7.
Samples with high total cholesterol and triglycerides lev-
els show higher erythrocyte aggregations, reinforcing the
hypothesis of cholesterol as a promoter of cell aggregation
(Fig. 7a), in accord to the complex rheological behavior
observed in the previous section. In contrast, the sample
with low cholesterol content shows more dispersed eryth-
rocytes and few cell aggregations (Fig. 7b).

4.4. Rheological modeling

Caram et al. (2006) have reported the use of the multi-
mode BMP model to predict the rheological behavior of
commercial hydrophobic alkali soluble emulsion (HASE)
in small-amplitude oscillatory, steady, and unsteady sim-
ple shear flows. The same procedure to model the exper-
imental data under oscillatory and steady shears flow
experiments is employed here, using the multimodal Max-
well and BMP models, respectively. Also, we use the
models by Quemada and Carreau model to demonstrate
the models ability to describe the rheological behavior of
human blood under shear flow. Quemada and Carreau
models also describe the shear thinning behavior of whole
human blood quite well, but they do not include predic-
tions of blood viscoelasticity (Campo-Deafio et al., 2013).

Fig. 8 depicts the models predictions under simple shear
flow for sample L3. It is important to note deviations of
predictions from the data at low shear rates, implying the
presence of additional modes. However, the model was
kept as simple as possible (correlation is below 5% error),
but nevertheless, it describes these complex data in the
low shear rate region comparatively better. Table 2 dis-
plays the model parameters used in the simulation.

Fig. 9 depicts the Maxwell model predictions with
SAOS data for sample L3. It is important to note that pre-
dictions are in good agreement with data. Three modes
were necessary to adequately predict the rheological behav-
ior. Table 2 displays the model parameters used in the sim-
ulation. With high fibrinogen levels, yield stress phenomena
are present in human blood; indeed, fibrinogen promotes

7
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Fig. 9. Maxwell model (solid line) predictions and rheological
data (dots) for sample L3 under linear oscillatory shear flow.

increasing interactions between cells leading to dimeric
fibrinogen structures (Merrill et al., 1969). Jung et al.
(2014) found an important relationship between a disag-
gregating shear stress (DSS) and fibrinogen concentration.
DSS increase as a function of fibrinogen concentration
from 250 mPa to 1200 mPa with 200 mg/dL to 600 mg/
dL respectively. It is important to note that fibrinogen con-
centrations of all samples lie inside the normal range, for
both high and low groups remain almost constant (281.3
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Fig. 10. Predictions of the Casson (dashed line) and BMP (solid
line) models using H1-H4 samples (highest total cholesterol and
triglycerides contents, dots) at low shear rates.

+6.18 mg/dL).

Although high concentrations of total cholesterol and tri-
glycerides increase interactions between cells, the mecha-
nism by which fibrinogen induces links between two
adjacent cells is different. Fig. 10 depicts predictions of
the yield stress calculated with the Casson and BMP mod-
els, to illustrate the close relationship of yield stress and
high cholesterol contents. A linear correlation is found
Fig. 11, revealing that the yield stress level is proportional
to the number of links between cells (Merrill ef al., 1969).
With normal fibrinogen levels, high total cholesterol and
triglycerides contents enhance the value of the yield stress.
The Casson and BMP models predict the yield stress val-
ues adequately. The BMP model can predict yield stress
values as well as Casson model does Fig. 10. The param-
eters for the simulation and the values of the yield stress
for each model are presented in Table 3. Yield stress with
the BMP model can be calculated when ¢, = 0, the model
predicts a yield stress value o, = (kAp,) " Calderas et al.
(2013) or in other terms o, = (Be) .

Casson model parameters considered for human blood
are the following: yields stress o, (Pa), Casson viscosity
K,y (Pas) and the extra terms 7 and @ are hematocrit
independent Casson blood viscosity and volume fraction

Table 2. BMP, Quemada, and Carreau model parameters used in the simulations shown in Fig. 9 (sample L3). Parameters units of BMP
model g (s/Pa), n,; and 7, (Pa‘s). Parameters units for Carreau model 7, and 7, (Pa's), 4 (s) and n dimensionless. Parameters of
Quemada model 7,, (Pa's), 3.’ (1/s), k, and k,, are dimensionless.

Quemada Carreau Bautista-Manero-Puig Multimodal Maxwell Model
i=1 i=2 i=3 i=1 i=2 i=3

T 0.00108 7 0.00638 n ;

0.00534 0.001 0.000994 28.5 0.37 0.01
ko 8 n, 00013

y: 223 0.062 0.001

ky, 0.13 A 0.338 A 0.0052 0.03 0.79
! 2.44 n 0.1 Mo 23x107% 23x10* 23x10™
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Table 3. Yield stress values and parameters for the BMP and Cas-
son models used in Fig. 11. Casson model units o (Pa), K, (Pa-s).
BMP model units g (s/Pa), ¢, (1/Pas), and g, (Pa).

Model
Casson BMP
Sample o Ko B Mo ?. o)
H1 0.0396 0.01158 0.845 0.001 1000  0.034401

H2 00134 0.00217 1.75
H3 00134 0.00144 09
H4 0.00376 0.00143  1.65

0.0009 1111.111 0.022678
0.0006 1666.667 0.02582
0.0015 666.667 0.003018

(hematocrit) respectively (Marcinkowska-Gapinska et al.,
2007).

5. Conclusions

Human blood with various cholesterol levels was char-
acterized under simple shear and oscillatory shear-flow
experiments. Human blood behaves as a complex non-
Newtonian fluid with pseudo-plastic characteristics. Cho-
lesterol and triglycerides concentrations promote aggrega-
tion of erythrocytes with relatively high viscosity. Hematocrit
differences were not significant in the samples. Although
the cholesterol content-viscosity relation is not linear,
there is an overall tendency of blood to become more vis-
cous and pseudo-plastic as the cholesterol content increases,
with similarities with a yield stress fluid behavior. Micro-
graphs suggest that cell aggregation increases by choles-
terol plasmatic levels. A high viscosity in the human
blood involves problems such as retinal circulation, cap-
illary occlusion and several circulation deceases. The
complex rheological behavior of blood was adequately
modeled using the multi-mode version of the Maxwell and
BMP models, which facilitates the mathematical modeling
of blood under more complex flow situations. Compari-
sons with predictions from other models for the same
samples were also made. Results evidence the influence of

Korea-Australia Rheology J., Vol. 27, No. 1 (2015)

total cholesterol and triglycerides on blood viscosity
which induces red blood cell aggregation.
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