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Abstract

The reduction of blood damage is still a big challenge in blood-carrying medical devices. In vitro experiments are performed
to investigate the damage-causing effects, but due to the opaqueness of blood cells, only near-wall flows can be observed.
Thus, several transparent blood models to visualize the rheologic behavior of blood have been proposed and examined.
Nevertheless, two-phase blood models with added particles still represent the properties of blood inadequately or are very
expensive and complex to produce. In this in vitro study, the viscosity, the flow behavior and the cell deformation of human
red blood cells have been compared to a novel, easy-to-produce, two-phase blood model fluid with deformable alginate
microspheres. The comparison has been performed in a cone-plate rheometer, a straight and a hyperbolic converging micro-
channel. The viscosity of the blood model fluid with a particle fraction of 30% showed a shear-thinning behavior, comparable
to that of blood at room and human body temperature within shear rates from 7 to 2000 s~!. The alginate microspheres were
deformable in an extensional flow and formed a cell free layer comparable to that of blood in a straight microchannel. The
experiments showed a good optical accessibility of the two-phase flow with traceable movements of individual microspheres
in the center of the microchannel. It could be shown that our proposed blood model fluid is a promising tool for the analysis

of two-phase flows in complex flow geometries.

1 Introduction

Blood damage in blood-carrying medical devices like car-
diac assist devices, oxygenators or artificial heart valves con-
tinue to be challenges that need to be addressed. Therefore,
in vitro experiments are mostly performed to investigate pre-
determined areas of these devices and to measure hemoly-
sis and thrombogenicity. However, the hemolysis measure-
ment in particular is then only related to the whole system
as a black box, and it is not possible to identify particularly
hemolytic areas. Especially due to the two-phase character
and non-Newtonian behavior of blood, there are numerous
effects that influence hemolysis. Specifics of the theoreti-
cal motion of the RBCs in various types of flows have yet
to be experimentally analyzed. (Faghih and Sharp 2019)
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Nevertheless, the analysis of the fluid dynamics of in vivo
human blood samples is difficult due to cost, safety, and ethi-
cal reasons. Another important disadvantage of using whole
blood is the degradation of blood samples over time and the
variability of properties in different samples from different
donors (Baskurt et al. 2009; Sadek et al. 2021; Sousa et al.
2011). Additionally, due to the opaque RBCs, flow can only
be visualized in areas close to the wall. Therefore, in vitro
studies with blood-analogous fluids are a common alterna-
tive to visualize the flow with repeatable experiments (Wick-
ramasinghe et al. 2002; Lerche et al. 1993; Campo-Deafio
etal. 2013; Li et al. 2010; Deplano et al. 2014).

Thus, there has been an increasing interest in develop-
ing transparent fluids with similar flow behaviors to blood,
which have the added advantage of not involving ethical
and safety difficulties and behave in the identical way in
each experiment (Sousa et al. 2011; Sadek et al. 2021). The
most commonly used blood model fluid is a water-glycerol
mixture (Buchmann et al. 2011; Deplano et al. 2014; Doutel
et al. 2015; Geoghegan et al. 2012; Gray et al. 2007; Yousif
et al. 2011; Li et al. 2010). This Newtonian single-phase
fluid can be sufficient under flow conditions with high shear
rates (Sadek et al. 2021), because the blood viscosity is often
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regarded as Newtonian at shear rates higher than 1000 s™!
(Baskurt et al. 2007). It is often used to validate numeri-
cal flow simulations in experimental setups (Su et al. 2012;
Schiile et al. 2016). However, investigations have shown that
a non-Newtonian flow can only be represented insufficiently
by a Newtonian fluid. The wall shear stresses and occurring
eddy sizes differ greatly from each other (Gray et al. 2007,
Zhang et al. 2008; Pohl et al. 2000; Mann et al. 1987).

Further additives like polyacrylamide or xanthan gum
are therefore used to mimic the shear-thinning behavior
of blood (Brindise et al. 2018; Campo-Deafio et al. 2011;
Completo et al. 2014; Najjari et al. 2016; Sousa et al. 2011).
Nevertheless, blood is a two-phase fluid containing 36-50%
(physiological hematocrit) of deformable cells (Baskurt
et al. 2007). The mechanical properties and interaction of
red blood cells highly influence the blood rheology, as they
account for 99% of all cells in the blood. RBCs have a den-
sity of 1.125 g mL™!, whereas the plasma has a density of
1.025 g mL™" (Baskurt et al. 2007). This leads to a density
deviation of 0.1 g/ml and sedimentation of the cells in low
velocities. The axial migration of RBCs in small vessels
leads to a shear-thinning effect that lowers the viscosity of
blood by forming a cell free layer (CFL). It is observed in
vessels below 300 um and is even greater in smaller vessels
from 10 to 100 pm, known as the Fahreeus-Lindqvist effect.
Moreover, it results in a decreased hematocrit in smaller ves-
sels because the cellular content of the smaller side vessels is
mainly fed by the marginal stream of the originating vessel
(plasma skimming). (Baskurt et al. 2007; Sadek et al. 2021)
These effects have a huge influence and determine where
hemolysis can occur (Murashige et al. 2016; Kink and Reul
2004; Leslie et al. 2013).

There are several approaches to model RBCs in trans-
parent fluids. Rigid particles like polymethylmethacrylate
(PMMA) have been used (Calejo et al. 2016; Pinho et al.
2017), but the rheologic behavior of blood is highly influ-
enced by the deformabilty and flexibility of RBCs (Baskurt
et al. 2007). Thus, deformable microspheres of polydi-
methylsiloxane (PDMS) (Mufioz-Séanchez et al. 2016; Anes
et al. 2018; Pinho et al. 2019), surfactant micelles (Lima
et al. 2020) or so called ghost cells (erythrocytes deprived
of hemoglobin) (Jansen 2018; Schops et al. 2020) have been
examined (for a full review see also Sadek et al. (2021)).

Although these models come much closer to mimicking
the rheology of blood than Newtonian fluids, they still have
significant differences and limitations. The model particles
are too rigid, have different sedimentation or aggregation
effects, are not suitable for hematocrits close to the physi-
ological magnitude, or they are costly, time-consuming
or difficult to produce on a large scale (Sousa et al. 2011;
Calejo et al. 2016; Pinho et al. 2017, 2019; Lima et al. 2020;
Schops et al. 2020; Sadek et al. 2021). Despite numerous
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advances, the development of a reliable blood model fluid
with a particle fraction comparable to a physiological hema-
tocrit remains a major challenge (Sadek et al. 2021).

The objective of this work was to examine an easy-to-
produce, transparent, two-phase blood model fluid with
deformable alginate microspheres as RBC models. They
have already been used with larger diameter as sufficient
tracer particles with a small particle fraction to investigate
near wall flows (wall Particle Image Velocimetry (PIV))
(Kertzscher et al. 2008). Ertiirk et al. (2013) used approxi-
mately 20 pm alginate microspheres with fluorescein as
tracer particles in oil and air flow and Varela et al. (2016)
functionalized them with Rhodamin B and showed the
applicability in PIV and Planar Laser-Induced Fluorescence
(PLIF). The microspheres are suitable to follow the flow in
a liquid as their porous structure allows them to take on the
density of the surrounding fluid (Ertiirk et al. 2013). Since
alginate spheres have already been used in PIV measure-
ment, and we observed a suitable transparency and trace-
ability a further investigation of their capability of modeling
RBCs was the aim of this study. Moreover, the microspheres
are deformable but stable in density, size and dimensions.

The here proposed alginate microspheres are produced
with a water-in-oil emulsion method, that is well suited for
up-scaling (Poncelet et al. 1992; Heng et al. 2003) and then
dispersed in a water-calcium-chloride suspension (7%,, )
with a particle fraction of up to 30%. It is hypothesized
that the novel transparent two-phase blood model fluid can
mimic important blood rheology parameters. Therefore the
shear thinning effect in a cone-plate rheometer and the flow
behavior and visual properties of human blood in a straight
microchannel as well as the cell deformation of human
RBCs in a microchannel with a hyperbolic contraction have
been compared to the blood model.

2 Methods
2.1 Blood samples

To compare the two-phase blood model fluid with human
blood, each experiment was performed with both fluids. The
samples have been obtained by venipuncture of healthy male
or female volunteers with hematological profiles in a physio-
logical range. Citrate phosphate dextrose adenine (CPDA-1)
was used as an anticoagulant solution [S-Monovette, CPDAI,
5.6mL, Sarstedt, Niimbrecht, Germany]. The samples were
stored at 7°C and used within 12 hours after the venipunc-
ture. The hematocrit of the blood sample was determined
directly after the venipuncture [XP300, Sysmex America,
Inc., Lincolnshire, U.S.A.]. If hemodilution was necessary
for the comparison with the blood model, the sample was
weighed and diluted with phosphate buffered saline solution
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(DPBS) (Dulbecco’s Phosphate Buffered Saline (1x), Life
Technologies, Carlsbad, USA) to the desired hematocrit.
This standard practice is recommended by the American
Society of Testing and Materials for blood experiments
(ASTM F1841-19 2019; ASTM F1841-97 2017).

2.2 Two-phase blood model

Alginate is the structural component of brown algae. As a
salt (e.g., sodium alginate), it can be dissolved in water and
gelled by adding drops into calcium chloride (CaCl,) to form
an elastic and transparent bead. In this study, the water in
oil emulsion method was used to produce a sufficiently large
number of microspheres. (Poncelet et al. 1992; Heng et al.
2003)

An emulsion of paraffin oil [Paraffin oil high viscosity,
Art. No. 8904.1, Carl Roth, Karlsruhe, Germany] (continu-
ous phase) and a 3%,, ,, alginate solution [Sodium alginate,
technical, SLR, S/2160/53, Fisher Chemical, Leicestershire,
U.K.] (disperse phase) was prepared: 100 mL oil was filled
in a 300 mL glass container and 0.2 mL of Span 80 [Span
80, Art. No. 9426.1, Carl Roth, Karlsruhe, Germany] (2%,
of the alginate solution) was added as an emulsifier. The
mixture was then stirred for two hours while 10 mL of the
alginate solution was added continuously. To cross-link
the droplets, 150 mL calcium chloride solution (7%m/V)
[Calcium chloride dihydrate, C7902, BioReagent, Sigma-
Aldrich, Darmstadt, Germany] was then added to the
emulsion by a syringe pump [PHD ULTRA, Item 70-3007,
Harvard Apparatus, Massachusetts, U.S.] while stirring con-
tinuously. Cured alginate microspheres were formed. In the
last step, the stirring was stopped and the oil separates from
the rest. The alginate microspheres sink to the bottom in the
aqueous phase and were separated from the oil.

Afterward, the microspheres were sorted by size with a
sedimentation method, to be in the same order of magnitude
as the average RBC diameter of 8.5 pm (Baskurt et al. 2007).
A roller pump [Reglo Digital MS-4/12 ISM 597, Ismatec,
Opfikon, Switzerland] generates a volume flow in a tube with
a conical taper that leads vertically into a beaker with the
alginate microspheres in a calcium chloride solution The
fluid moves upwards in the tube with a pump velocity of
0.003 mm s~!. The sedimentation velocity of the particles
depends on their diameter. So, particles whose sedimenta-
tion velocity is greater than the velocity in the tube are not
transported upwards. This makes it possible to determine a
threshold diameter that can be sucked in. The resulting size
distribution of the microspheres is 8.37 pm +1.87 pm and has
been measured microscopically [Digital Microscope VHX-
970F, Keyence, Milton Keynes, U.K.].

The density of alginate microspheres was determined
by comparing their sedimentation behavior in different
water-glycerol mixtures [Glycerol (Certified ACS), Fisher

Chemical, Leicestershire, U.K. ] of known density. No sedi-
mentation or flotation could be detected in a solution with a
density of 1.116 g mL™".

For the plasma model, calcium chloride has to be added
as a stabilizing factor for the microspheres. In preliminary
studies, different water-CaCl,-glycerol mixtures were tested
as plasma models, but resulted in too high viscosities at high
shear rates. Thus, a plasma model with a Newtonian solution
of 7%,y calcium chloride in distilled water with a density of
1.044 ¢ mL~" was chosen for this study. The particle fraction
of the model was 30%, 5% or 1% depending on the meas-
urement and the hematocrit of the compared blood sample.
To adjust the particle fraction, the alginate microspheres
in the storage fluid (7% CaCl,-solution) are centrifuged at
4000 rcf for 5 min. The fluid is pipetted off and the sample
is weighed. To estimate the remaining 7% CaCl,-solution
with a density of 1.044 g/ml in between the microspheres,
the packing factor was estimated. For microspheres with an
equal radius it lies between 0.52 (cubical packing) and 0.74
(pyramidal or tetrahedral packing) (White and Walton 1937).
Because of the deformability of the alginate microspheres
and the variation in size, a high packing density of 0.7 was
selected. Thus, the particle fraction of the microspheres can
be calculated and diluted with the calcium chloride solution
to the desired particle fraction.

2.3 Viscosity measurement

To measure the viscosity of the two-phase blood model
fluid in dependence of shear rates rheometer measure-
ments [mcr-502-wesp, Anton Paar, Graz, Austria] were
performed. The cone-plate shearing plane with a gap of
100 pm was used. The particle fraction of the model and
hematocrit of the blood was 30%. All measurements were
performed at 22°C (room temperature) as well as 37°C

high-speed camera

microscope

flow directior‘;DJ
HE== —=

syringe pump

microfluidic channel

tube

working fluid
mixer plate

Fig. 1 Microfluidic setup of the experiments. The working fluid is
mixed by a magnetic stirrer and pumped through a silicon tube into
the microfluidic channel by a syringe pump. A high-speed camera
records the blood model fluid or blood through a microscope
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(body temperature). At both temperatures, the instrument
measured the data points at equal intervals with logarith-
mic scaling from 6.69 to 2000 sec™!. The progression of
the viscosity curve was compared with viscosity values
found in the literature. Chien (1975) and Thurston and
Henderson (2007) measured the viscosity of human blood
in a concentric cylinder couette viscometer at a tempera-
ture of 37°C from 0.1 to 230 s~! and at a temperature of
22°C and from 0.02 to 130 s~! respectively. Cokelet and
Meiselman (2007) used the same method and measured
the shear-dependent blood viscosity from 0.02 to 130 s™!
(the temperature was not provided).

2.4 Microfluidic setup

The experimental setup for the investigation of the flow
inside the microchannels consists of a digital microscope
[Digital Microscope VHX-970F, Keyence, Milton Keynes,
U.K.] and an objective lens, combined with a high-speed
camera [MotionXtra N4-S3, IDT, Newark, New Jersey,
U.S.]. The different microchannels were placed on the
stage of the microscope and the working fluids were drawn
from a reservoir by a syringe pump [PHD ULTRA, Item
70-3007, Harvard Apparatus, Massachusetts, U.S.]. The
blood was placed on a mixer plate [MSI Minishaker, IKA,
Staufen, Germany] to avoid the segregation of the cells
and the plasma. The blood model fluid was continuously
mixed by a magnetic stirrer [BenchMate VM-D, Variomag,
Daytona Beach, U.S.] (see Fig. 1).

outflow

9

inflow

(=

]

Fig.2 Geometry of the microchannel. The constriction length is 1 =
400 pm and width w = 400 pm. The minimum gap of the constriction
g = 20 pm and the depth of the microchannel d = 20 pm
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2.5 Visibility and cell free layer

For the analysis of the flow behavior in a straight micro-
channel, a circular microchannel with a diameter of 306 pm
was used. The working fluids were pumped through the
microchannel at room temperature with a constant flow
rate of 12mL h™!. The volume flow was chosen to be of
the same order of magnitude as the volume flow of blood
in arterioles of similar size (Fahraeus 1929; Fahraeus and
Lindqvist 1931). For the measurement of the CFL, the blood
had a hematocrit of 7% and the blood model fluid a particle
fraction of 5%. For the comparison of the flow visibility,
the undiluted blood had a hematocrit of 42% and the blood
model fluid a particle fraction of 30%. Images of the flow-
ing blood, or blood model, were taken at a frame rate of
3000 s~!. A sequence of 500 greyscale images was taken at
a resolution of 1016 X 720 pixels. All images show a cross
section of the microfluidic channel that was focused on the
widest part of the microchannel.

2.6 Deformation measurement

For the observation of the cell deformation a microchannel in
fused silica was produced by selective laser-induced etching
and welding [LightFab GmbH, Aachen]. In the microchannel,
a hyperbolic constriction is followed by a sudden expansion.
As shown in Fig. 2, the width (w) and constriction length (1)
of the microchannel are both 400 pm with a minimum gap in
the microchannel (g) and total depth of 20 pm. This defined
geometry allows strong extensional flows with a homogene-
ous expansion rate to be generated near the center line (Sousa
et al. 2011; Campo-Deaifio et al. 2011). The Hencky strain
(see equation 1) (Feigl et al. 2003) of the microchannel cor-
responds to the Hencky strains used in other studies to analyze

flow
direction

R2

| S

100pm

Fig.3 The two ROIs in the hyperbolic converging microchannel with
a 20 pm constriction. Region 1 (R1) with a size of 20 pm X 50 pm and
Region 2 (R2) in the abrupt expansion behind the constriction with
50 pm X 50 pm
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the deformation of RBC models (Pinho et al. 2017, 2019; Car-
neiro et al. 2021):

ey =In(w/g) =3 (D

To observe individual microspheres or RBCs, the working
fluids have been adjusted to a particle fraction or hematocrit
of 1% and were withdrawn from the beaker with a velocity of
10 pL/min at room temperature (Lee et al. 2009). This results
in a laminar flow with a Reynolds number of Re = 8.2 for the
RBCs in DPBS (dynamic viscosity of 1.02 mPa s, density of
1.0053 g mL™") and Re = 8.6 for the alginate microspheres
in CaCl,-solution (dynamic viscosity of 1.003 mPa s, density
of 1.044 g mL™"). The average velocity is 0.417 m/s and the
maximum velocity is 0.833 m/s. This results in an average
shear rate in the investigated area of 83 330 s~! and thus a flow
in the linear range of the shear-thinning viscosity curve. The
average shear stress is in the range of 83.8 Pa to 85 Pa.

The flow induced deformation has been quantified by the
Deformation Index (DI) that ranges from zero (no deforma-
tion) to one (maximal deformation):

DI =(x—y)/(x+y) @

Where x is the major and y the minor axis length of an
ellipsoidal cell or microsphere. The DI was determined in
two regions of interest (ROIs) (see Fig. 3): one in the nar-
rowest region of the hyperbolic constriction with a size of
20 pm X 50 pm and one in the abrupt expansion after the
constriction with 50 pm X 50 pm.

~Blood Model Fluid, H = 30%, T = 22°C

—Blood Model Fluid, H = 30%, T = 37°C

-o-Blood, H = 40%, T = n.p., Cokelet & Meiselman (2007)
~-Blood, H = 40%, T = 22°C, Thurston & Henderson (2007)
-4-Blood, H = 45%, T = 37°C, Chien (1975) i

Viscosity [Pa s]

. . . .
10 20 50 100 200 500 1000 2000
Shear rate [1/s]

Fig.4 Rheometer measurement in a cone-plate rheometer [mcr-502-
wesp, Anton Paar, Graz, Austria] at temperatures of 22°C and 37°C of
the blood model fluid with a particle fraction of 30% in comparison
with the viscosity of blood at a hematocrit of 40-45% . The viscos-
ity of the blood model fluid was measured at shear rates from 6.69 to
2000 s~!. The viscosity of human blood was found in previous stud-
ies. Chien (1975) measured the viscosity of human blood at a tem-
perature of 37°C from 0.1 to 230 s~!, Thurston and Henderson (2007)
at a temperature of 22°C and from 0.02 to 130 s~! and Cokelet and
Meiselman (2007) from 0.05 to 1500 s~! (the temperature was not
provided (n.p.)). All three studies used a concentric cylinder couette
viscometer

A set of 500 greyscale images was taken at 10 000 frames
per second and imported into an image processing software
[ImageJ, NIH, U.S.] (Schneider et al. 2012). The images
were converted to a binary picture using a chosen threshold
and the flowing RBCs / alginate microspheres were meas-
ured frame by frame automatically by the Analyze Particles
function. The output results of this measurement were the
major and minor axis lengths of the fitted ellipse of the par-
ticles, and the x-y coordinates of their centroid. The data of
the DI of all particles in R1 and R2 were determined, and
then averaged for each region separately. To exclude overlap-
ping particles in the ROIs, only particle sizes with a major
value of 25 pm, an area from 10 to 150 pm2 and with a DI
less than 0.7 were considered (Dobbe et al. 2002; Lee et al.
2009; Carneiro et al. 2021; Yaginuma et al. 2013).

3 Results
3.1 Viscosity

The cone-plate rheometer measurement showed a shear-
thinning viscosity of the blood model fluid at 22°C as well
as 37°C (see Fig. 4). Compared to the measured viscosity
values of human blood from the studies by Chien (1975);
Thurston and Henderson (2007) as well as Cokelet and
Meiselman (2007), the blood model fluid behaves similar to
blood. From 1000 to 2000 s~, the curve of the blood model
fluid reached an almost constant value of 0.0046 Pa s at 22°C
and 0.0037 Pa s at 37°C. It is well-established that at high
shear rates above 100 s~!, the viscosity of healthy human
blood with 40—47% hematocrit asymptotically approaches
values of 0.004 Pa s to 0.006 Pa s at room temperature and of
0.0035 Pa s to 0.004 Pa s at body temperature (Brooks et al.
1970; Arora 2006; Thurston and Henderson 2007; Chien
1975; Cokelet and Meiselman 2007). Thus, the viscosity of
the blood model fluid with a particle fraction of 30% is in the
same order of magnitude as the viscosity of human blood at
40—47% hematocrit for shear rates between 6.69 to 2000 s~".

3.2 Visibility and CFL in a straight microchannel

In the straight microchannel two different hematocrits were
compared to a particle fraction that was in proportion to that
detected in the viscosity measurement (30—42%). Compar-
ing the blood model fluid with a particle fraction of 5%, a
blood sample was diluted to a hematocrit of 7%. The 30%
particle fraction was compared to an undiluted blood sample
with 42% hematocrit (see Fig. 5). In the experiments with
7% blood and 5% alginate microspheres, the alginate micro-
spheres were clearly distinguishable from each other. Single
RBCs were only differentiable in the flow near the wall.

@ Springer



188 Page6o0of10

Experiments in Fluids (2022) 63:188

Fig.5 Comparison of the blood
model fluid (left) and blood
(right) in a microchannel with
a diameter of 306 pm and a
volume flow of 12mL h™!. a
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Fig.6 Deformation of the alginate microspheres and RBCs in a
hyperbolic converging microchannel with a 20 pm constriction. The
cells and microspheres both show a deformation in the constriction of
the microchannel at a volume flow of 10 pL/min at room temperature
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Fig.7 Evaluation of the deformation index of the alginate micro-
spheres and RBCs in the constriction region (1) and expansion region
(2). In region 1 the RBCs (n = 175) show a mean DI of 0.51 +0.14
and the alginate microspheres (n = 48) show a DI of 0.44 +0.14. In
region 2 the RBCs (n = 804) have a DI of 0.31 +0.17 and the alginate
microspheres (n = 348) of 0.19 +0.11
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Whereas in the flow of the blood model, individual algi-
nate microspheres could be differentiated from each other
due to their transparency and their movement could even be
followed in the center of the microchannel. In both fluids,
a similar cell-free layer (CFL) of 22 pm + 3 pm occurred.
Within the blood model, faster aggregate formation in the
tubes and microchannel were observed when stopping the
syringe pump.

In the comparison of 30% particle fraction to 42% hema-
tocrit, no CFL and no individual RBCs were visible. The
alginate microspheres were still distinguishable from each
other in the focus plane at the center of the microchannel.

3.3 Deformation

To measure the deformation index, n = 175 RBCs and n =
48 alginate microspheres were detected in region 1. In region
2, n = 804 RBCs and n = 348 microspheres were evalu-
ated. The qualitative observation (see Fig. 6) of the images
already showed a considerable deformation of the alginate
microspheres as well as the RBCs. The average DI of the
alginate microspheres in the maximal constriction region R1
was 0.44 +0.14 and in the abrupt expansion region R2 it was
0.19 +0.11 (see Fig. 7). The mean DI of the RBCs in region
1 was 0.51 +0.14 and in region 2 a deformation of 0.31
+0.17 occurred. The mean value of the DI of the alginate
microspheres in R1 is statistically significantly lower from
that of the RBC (p = 4.8288 * e~*, Mann—Whitney-U-test)
with a mean difference of 14%. In R2, the DI of the algi-
nate microspheres is 40% lower in mean (p = 8.345 % ¢~39,
Mann—Whitney-U-test).

4 Discussion

The properties of the proposed blood model fluid were
analyzed and compared to human blood successfully. The
described production process is easy to apply, and an upscal-
ing of the produced quantity can be achieved with a few
adjustments to the setup. The transparency, deformabil-
ity and ease of manufacture of the microspheres support
the use of alginate. Another advantage for future adapta-
tions could be that other substances can be embedded in
the microspheres during the manufacturing process. In this
way, the optical but also magnetic or electrical properties of
the model can be further adapted. The size of the alginate
microspheres used in this study was 8.37 pm +1.87 um in
diameter. Compared to RBCs with a biconcave disk shape
of 2.4 pm thickness, a diameter of 8.5 pm (Baskurt et al.
2007), the size of the microspheres corresponds very well,
but the spherical shape differs to the disk shape of the RBCs.
However, if one takes into account that almost all two-phase

blood models use spherical particles as RBC substitutes and
in PIV measurements spherical particles are also commonly
used, this limitation is not a specific disadvantage of the
here proposed model. Ghost cells (Jansen 2018; Schops
et al. 2020) offer an advantage here, but it remains to be
investigated whether the processing has a negative effect on
the deformability and flow behavior of the former RBCs.
The density of RBCs is 1.125 g mL~! and that of alginate
microspheres is 1.116 g mL™!. The surrounding plasma or
calcium-chloride solution has a density of 1.025 g mL ™" and
1.044 ¢ mL~! respectively. Thus, the density deviation of the
blood model with 7% is in the same order of magnitude as
that of blood with 10%. This should lead to a similar behav-
ior in sedimentation.

The viscosity of blood varies greatly depending on hema-
tocrit, temperature and donor. The viscosity of the blood
model fluid lies within this physiological deviation range at
temperatures of 22°C and 37°C and hematocrits of 40—47%.
Even though the plasma model (calcium chloride solution)
is a Newtonian fluid, the blood model fluid showed a shear-
thinning non-Newtonian viscosity. At low shear rates of 6.69
s~!'to 12 s~ at 37°C the viscosity of the blood model fluid
varied slightly. One reason could be aggregation and sedi-
mentation effects during the measurement, but even more
likely the measuring method, the cone-plate rheometer, used
here. The geometry of cone-plate rotational rheometers can
accelerate cell sedimentation during rotation at very low
shear rates and is thus not that reliable in this range (Schmid-
Schonbein et al. 1968; Cokelet and Meiselman 2007). The
viscosity values taken from the literature and compared to
the blood model fluid were obtained from cylindrical couette
rheometers. Further measurements of the blood model fluid
in an equal device should therefore be carried out in future.

The slope of the viscosity of the blood model fluid in
low shear rates is higher than in the measurements with
blood. This can be caused by aggregate formation of the
alginate microspheres. This formation of rouleaux is physi-
ological in blood and causes a thixotropic (time-dependent)
behavior at low shear rates up to about 10 s~. It is due to
the process of breaking up rouleaux into individual eryth-
rocytes. (Baskurt et al. 2007; Huang et al. 1987) The bind-
ing of alginate microspheres to each other appears to be
more pronounced than in RBCs. This effect has also been
observed in other blood substitute models (Carneiro et al.
2021). A future improvement could be to add Dextran 40 to
improve the shear-thinning effect and decrease aggregation
(Brooks et al. 1970; Flormann et al. 2016; Pinho et al. 2019;
Lima et al. 2020). Nevertheless, the measurement proved
that the blood model fluid with a particle fraction of 30% is
suitable to model blood at room and body temperature with
a 40-47% hematocrit in shear rates of 6.69 s~! to 2000 s~

In the straight microchannel, the advantages resulting
from the transparency of the blood model fluid were shown.
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It was possible to detect the movements of individual micro-
spheres at a particle fraction of 5% and 30% in the center
of the microchannel. Within the 7% and 42% samples no
individual RBC was visible, due to the opaqueness of blood.
It has already been shown, that the alginate microspheres are
well suited as tracer particles in PIV and PLIF at low particle
fractions and even fluorescein or other dyes can be added
to further improve the traceability (Kertzscher et al. 2008;
Ertiirk et al. 2013; Varela et al. 2016). By using deformable
microspheres, the results would be more comparable to the
actual cell movement. In future studies, PIV measurements
with alginate microspheres could focus on higher particle
fractions to study the two-phase flow with microsphere inter-
actions in laser light sections in the center of the flow.

Within the straight microchannel, the CFL of the blood
model fluid at a particle fraction of 5% and blood sample at
a hematocrit of 7% is comparable and can be further inves-
tigated for additional hematocrits in microchannels with a
hyperbolic constriction as used in the deformation section
(see Fig. 2, Pinho et al. (2017, 2019) and Carneiro et al.
(2021)).

In order to achieve better comparability with other blood
models, the microchannel used for the deformation inves-
tigations was based on previous studies (Sousa et al. 2011;
Campo-Deafio et al. 2011; Pinho et al. 2017, 2019; Carneiro
et al. 2021). In both regions of interest (R1 and R2), the DI
of the alginate microspheres was smaller than that of the
RBCs with a percentage deviation of 14% and 40%, respec-
tively. Nevertheless, they reached a considerable deforma-
tion that also explains the shear-thinning viscosity of the
whole blood model. The average deformation of RBCs in
the narrowest part of the microchannel was 0.51 + 0.14.
The average shear stress is in the range of 83.8 Pa to 85 Pa.
According to the formula of (Faghih and Sharp 2020), this
results in an aspect ratio of 3.1 and therefore a theoretical
deformation index of 0.52. This is also in line with experi-
mental studies using the same method to measure the DI as
in this study (Lee et al. 2009; Pinho et al. 2019; Zhao et al.
2006; Yaginuma et al. 2013).

Behind the constriction in R2, the RBCs remain in the
ellipsoidal shape for a longer time while the alginate micro-
spheres return to their original shape more quickly so their
DI was 40% lower. Thus, the relaxation time of the RBCs,
that depends on the viscoelasticity (Faghih and Sharp 2019),
is longer than that of alginate microspheres. The viscoelas-
ticity of the alginate microspheres has not yet been examined
further. It is planned as a future step.

N = 48 was the lowest number of measurable results for
the alginate microspheres in the small constriction and was
found to be a sufficiently high number since standard devia-
tion and deformation index converged. The same image
sequence with the same evaluation method was chosen for
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the alginate microspheres in R2 and the RBCs in R1 and R2,
resulting in higher numbers of measurable results.
Compared with another blood model fluid consisting of
PDMS particles in Dextran 40, that showed the best agree-
ment in modeling the deformation of RBCs so far (Sadek
et al. 2021; Pinho et al. 2019; Carneiro et al. 2021), the
average percentage deviation of the deformation compared
to RBCs in R1 and R2 is lower: By examining the same
regions of interest, Pinho et al. (2019) detected a deviation
of approximately 20% in R1 and >50% in R2. In the study
of Carneiro et al. (2021) a percentage deviation of the DI of
approximately 25% in R1 and >50% in R2 were measured.
Nevertheless, the standard deviation of the DIs of the algi-
nate microspheres is higher than that of the 6:4 PDMS par-
ticles in Dextran 40 (Pinho et al. 2019; Carneiro et al. 2021).

5 Conclusion

We proposed a novel two-phase blood model fluid with algi-
nate microspheres modeling the RBCs and calcium chlo-
ride solution modeling the blood plasma. To validate the
model, the shear rate dependent viscosity, the flow behavior
of the blood model fluid in a straight microchannel and the
deformation of single alginate microspheres in a hyperbolic
converging microchannel have been examined. Considering
the shear-thinning properties of the blood model fluid vis-
cosity, the flow behavior in the straight microchannel with
formation of a CFL, the possibility to track the movement
of individual microspheres in the center of the flow and the
deformability of the individual alginate microspheres in the
extensional flow, promising results are revealed. With this
study it could be shown that our novel blood model fluid
is well suited to be used in experimental setups to mimic
the two-phase flow behavior of blood. The future work will
focus on decreasing the aggregational effects of the alginate
microspheres and implement a PIV analysis with a particle
fraction close to the physiological hematocrit. Investigations
in more complex microchannels are planned to further vali-
date the blood model.
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