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Investigation of the Attachment of Circulating Endothelial
Cells to a Cell Probe: Combined Experimental and

Numerical Study

Felix Hehnen,* Gabi Wendt, Jens Schaller, Paul Geus, Joachim Villwock,

Ulrich Kertzscher, and Leonid Goubergrits

Circulating endothelial cells (CECs) are a reliable biomarker for cardiovascular
diseases (CVDs). A major unresolved challenge limiting the widespread use of CECs
for the diagnosis and monitoring of CVDs is their unreliable detection. This problem
is mainly attributed to the low sample volume (5-10 mL) of commonly used ex vivo
CEC isolation methods. To overcome this limitation, the BMProbe for the in vivo
isolation of CECs is proposed. It consists of a twisted medical flat wire with a
polymer-coated surface functionalized with anti-CD105 antibodies. A combined
experimental and numerical study is performed to investigate which flow conditions
lead to an increased cell attachment to the probe’s surface. Endothelial cells are
solved in a dextran solution and circulated in a flow system containing the
BMProbes. Microscopic images of the attached CECs are taken. In addition, the
experiments are simulated using a computational fluid dynamics (CFD) flow solver
to quantify the flow conditions at the probe’s surface. The microscopic images are
superimposed with the CFD data to investigate the influence of wall shear rate and
wall normal rate on the attachment of CECs to the probe. Most of all attached cells

1. Introduction

Cardiovascular diseases (CVDs) are by far
the most common cause of death and
disability. They cause an estimated 27% of
all global deaths."! With an aging popula-
tion, these numbers will rise. Many of these
deaths could be prevented if there were reli-
able biomarker to predict fatal cardiovascu-
lar events for high-risk patients. But many of
these events involve sudden atherosclerotic
plaque rupture and therefore remain highly
unpredictable. Recent research has identi-
fied circulating endothelial cells (CECs) as
a reliable biomarker for cardiovascular
events.” ™ Endothelial cells are lining the
inner surface of blood vessels and regulate
the interaction between blood and vessel

(85.5%) are found in areas of negative wall normal rate.
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wall. Cardiovascular events often result in

an endothelial damage associated with a

release of endothelial cells into the blood-

stream, which are further known as
CECs.”! The concentration of CECs in blood seems to correlate
with the severity of the present CVD and can therefore be used
as a diagnostic and prognostic biomarker as well as for posttreat-
ment monitoring.>”) However, the concentration of CECs in
blood from patients with CVDs such as heart failure with pre-
served or reduced ejection fraction or with arterial hypertension
is very low and only reaches =60 out of 5 billion blood cells in
1 mL of blood.”! Liquid biopsies are becoming increasingly popu-
lar for isolating rare cells (e.g., endothelial or tumor cells) from
blood.

Different approaches were proposed to isolate and analyze
circulating rare cells. Some techniques such as fluorescence-
activated cell sorting and immunomagnetic isolation have been
established for years.!® Recently more and more size-based iso-
lation methods have been developed. These methods include
microfluidic sorting devices and membrane microfilters.”! All
mentioned techniques are in vitro tests based on a blood sample.

The current study is based on an alternative liquid biopsy
approach using a wire-based cell probe with a functionalized sur-
face to isolate CECs. This cell probe, called the BMProbe, from
the company Invicol is a relatively new method to isolate CECs
in vivo. A similar method is already known to isolate circulating
tumor cells (CTCs) in vivo.®? It is inserted into the patient’s
cubital vein using a standard peripheral venous catheter. The
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surface of the probe is coated with a biocompatible polymer and
functionalized with anti-CD105 antibodies, so that only CECs can
adhere to it. After 30 min, the probe is removed from the vein,
the cells are fixed and stained, and the number of attached CECs
can be counted and used for downstream analysis.

While other liquid biopsy methods of isolating rare cells such
as CellSearch are limited to a small amount of blood drawn from
the patient,"” the BMProbe’s diagnosis is based on the screening
of a much larger blood volume. The number of rare cells poten-
tially available for the diagnostic procedure would therefore be
much higher. If relatively large number of CECs are available,
an additional biomolecular analysis or mRNA analysis can be
done. However, it has not been conclusively clarified how large
the screened volume of the probe actually is. Various studies
came up with very different values ranging from a few
m1112 up to more than a liter.”) However, it should be noted
that the data collected so far are studies of the CellCollector of the
company Gilupi. The BMProbe used in this study varies from the
CellCollector in terms of shape and coating process.

The two factors—the shape and the functional coating of the
BMProbe—are crucial for the number of CECs that the probe
can isolate from the blood. The probe’s shape affects the near-wall
flow field, which in turn affects the near-wall cell movement. This
flow is of key interest because only near-wall cells can interact with
the probe’s surface. It is known that a laminar flow along a flat sur-
face with a distinct boundary layer provides only a very low contact
probability for the particles and the surface. As there is practically no
vertical movement in this flow, the transport of the cells toward the
wall is only possible by diffusion.®! Therefore, it is necessary to use
a probe geometry that interrupts the laminar flow profile along the
surface of the probe and creates a strong convection in the near-wall
flow. A study™™" concluded that the geometry of the twisted flat wire
used in this study leads to increased cross-flow and thus improved
contact between cells and surface of the probe. The influence of
near-wall flow has also been studied for the attachment of platelets
to surfaces."*"! It was found that attachment can be regarded as a
function of convection and diffusion near the wall.'® The convec-
tion can be divided into a tangential and a normal velocity compo-
nent. Diffusion, which is not affected by the flow, is additionally
responsible for a sudden movement of a cell toward the surface.

Based on this knowledge, this study investigated the near-wall
flow along the BMProbe in order to quantify hemodynamic
parameters advantageous for the deposition of CECs. For this
purpose, a combined experimental and numerical study was
carried out, in which the attachment of CECs to the probe
was analyzed under different flow conditions.

2. Study Design

This study combines an experimental in vitro study with a compu-
tational modeling approach. Human umbilical vein endothelial cells
(HUVECs) were diluted in a dextran solution, which is supposed to
mimic the non-Newtonian flow properties of blood. This suspen-
sion circulates in a specially designed test circuit, allowing a simul-
taneous testing of several BMProbes under controlled flow
conditions. The experiment is repeated for four different mean flow
velocities. In vitro tests are followed by a microscopic analysis of the
CECs isolated by the probe, including cell counting and an
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assessment of the exact cell attachment position on the probe.
Finally, the flow along the probe is simulated with a computational
fluid dynamics (CFD) flow solver. The accurately determined flow
parameters along the probe are correlated with cell depositions
determined by the experiments, in order to find flow conditions
promoting cells adhesion to the probe’s surface.

2.1. Flow Parameter

To investigate the impact of the near-wall flow on the deposition of
CECs to the surface of the probe, flow parameters were selected to
characterize tangential and vertical near-wall fluid movement. For
tangential or parallel wall movement, the wall shear rate (WSR)

WSR = (ﬂ) 1)
0% ) el

was used. This item is directly linked with the wall shear stress
(WSS) by the dynamic viscosity. For vertical wall movement, a sim-
ilar parameter—wall normal rate (WNR)—was designed

d
WNR = (i) 2
0% ) wall

where v denotes the velocity component parallel to the wall and v/,
the velocity component normal to the wall. Correspondingly, x;
denotes the length unit that is normal to the wall. With a negative
WNR, the flow is directed toward the wall, with a positive WNR the
flow direction points away from the wall.

3. Results

3.1. Experimental Results

In the experimental part of this study, HUVECs are isolated with
the BMProbe from an in vitro circulation model (Figure 5). The
attached CECs are evaluated under the microscope (Figure 4b).
To understand which near-wall flow promotes cell attachment to
the probe, it is necessary to record the exact position of each cell
on the probe. In this way, the associated flow data from the CFD
simulation can be assigned to each attached cell. Each micro-
scope image captures exactly one winding of the probe
(Figure 4b). Table 1 lists all images evaluated for the four mean
inflow velocities 1, 2, 3, and 5 cm s~ . In total, 236 images with
2094 bound CECs were evaluated.

Table 1. The experimental studies were performed with four different
incident flow velocities: 1, 2, 3, and 5cms™'. For each velocity, ten
BMProbes were evaluated. As not all microscope images are suitable
for automatic image evaluation, the number of images evaluated for
the four velocities varies.

Mean inflow velocity Number of Number of bound Cells per
[ems™] images cells image
1 60 477 7.95
2 58 562 9.69
3 54 520 9.63
5 64 535 8.36

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

85UB017 SUOLILLIOD BAIeaID 8(qedljdde ay) Aq peusenoh afe sajolie YO ‘8sn JO Sa|nJ Jo) Aig 1 8U1UO AB1M UO (SUONIPUOD-pUR-SWIR)W0D A3 | I Ae.q 1 puluoy//:Sdny) SuonIpuoD pue swie | ay1 89S *[220z/2T/90] uo Arigiauliuo A|Im ‘uizipswsiselsBAIN - 91eyd Aq ZTETOTZ0Z Wepe/Z00T 0T/I0p/W0d A | im Arig 1 pul|uo//sdny woJj pepeojumod */ ‘2202 ‘8v92.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

VANCED
ENGINEERING
RIALS

www.advancedsciencenews.com

The number of attached cells for the four different inflow
velocities is shown in Figure 1. Each evaluated microscope image
(i-e., each winding of the cell probe) is considered as one experi-
ment. With the help of a CFD simulation, it could be shown that
the flow conditions are the same for each of the considered wind-
ings. The Kruskal-Wallis test reveals that the four groups are sta-
tistically significantly different from each other (p=0.0077).
However, it should be noted that only the 1cms™' group
is significantly different from the 2cms™" (p=0.021) and the

20 T T T T

18

16

14

121

10

bound cells per image

1cm/s 2cm/s 3cm/s 5cm/s
mean inflow velocity

Figure 1. Experiments were made with four different mean inflow veloci-
ties. The number of evaluated images and cells per velocity is shown in
Table 1 and visualized in this boxplot. On each box, the central mark indi-
cates the median, and the bottom and top edges of the box indicate the
25th and 75th percentiles, respectively. The whiskers extend to the most
extreme data points. Statistically significant differences for the four groups
can only be found between the velocities 1 and 2cm s™' (p=0.021), and 1
and 3cms™' (p=0.0352).

(a) v=1cm/s
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3cms™! (p=0.0352) group. No significant differences can be

demonstrated for all other groups.
Thus, a relationship cannot be clearly found between the veloc-
ity of the parent flow and the total number of cells attached.

3.2. Combined Experimental and Numerical Results

In order to investigate the relationship between the near-wall
flow and the accumulation of cells on the wall, the regional dis-
tribution of the accumulated cells on the probe is examined in
more detail. In Figure 2, all attached cells are merged into one
image for the velocities 1 and 5cms™" and superimposed with
the CFD data. The CFD data of the WNR (Figure 2a,b) and the
WSR (Figure 2c,d) are presented. As can be seen in Figure 2, the
cells mostly attach along the upper edge of the probe. This is
the edge facing the flow. The same pattern is also found in the
experiments with 2 and 3cm s~ . The CFD data seem to confirm
that a high number of cells accumulate in the areas where the WNR
is directed toward the wall (see red colored areas in Figure 2a,b).

In Figure 3, each attached cell is mapped to its respective value
of WNR and WSR. If the value of the WNR is negative, the flow
points toward the wall; if the value is positive, the flow points
away from the wall. 1790 of 2094 attached cells are found in areas
of negative WNR. This corresponds to 85.5% of all attached cells.
The WSR on the surface of the probe increases linearly with the
main inflow velocity. However, the pattern of cell attachment to
the probe seen in Figure 2 does not seem to be affected by dif-
ferent tangential flows on the wall of the probe.

The results of the combined numerical and experimental
study show that the CECs predominantly attach in areas with
negative WNR in a small range of the WNR between —0.5
and 0.0s™" as well as relatively low WSR below 150 cms™".

4, Discussion

In order to use the BMProbe as a reliable diagnostic tool, it is
essential that it is able to bind as many CECs as possible from

(b) v=>5cm/s

Wall Normal Rate [1/s]

-2.00 -1.00

(C) v=1cm/s

0.00

1.00 2.00

(d) v=5cm/s

Wall Shear Rate [1/s]

300 400 500

Figure 2. Combined representation of CFD results for the simulated WNR and WSR distributions together with in vitro CEC depositions marked by black

dots. Exemplary results for two investigated conditions are represented: mean inlet velocities of 1 and 5cm s
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Figure 3. This scatter plot shows every single assessed cell that has attached to the surface of the BMProbe, evaluated according to the tangential and
normal flow components of the near-wall flow. Of the total of 2094 cells, 1790 cells (85.5%) accumulated under a negative WNR. This means that the flow
direction of the near-wall flow is directed toward the wall. The WSR at which the cells accumulate depends strongly on the main inflow velocity. It should

be noted that the WSR is about 100 times higher than the WNR.

the passing blood. For this, the convection in the near-wall flow
must be increased and the laminar flow along the surface must
be disturbed.!"”) This is ensured by the twisted geometry of the
probe, which functions as a passive mixing structure.'’! To fur-
ther investigate the fluid mechanical conditions leading to the
attachment of cells to the BMProbe and to find a flow parameter
to describe the ability of the probe to isolate cells from the flow, a
combined experimental and numerical study was done.

In vitro tests assessed CEC attachment to the functionalized
surface of the BMProbe, which cannot be simulated without
additional extended tests of cell attachment. CFD analysis, on
the other hand, provides an accurate assessment of the near-wall
flow field. Evaluating the flow field near the complex shape of the
probe using any optical flow visualization methods such as par-
ticle image velocimetry or laser Doppler anemometry is challeng-
ing due to the optical access and light reflections from the cell
probe. However, by combining the numerical and experimental
methods, all the necessary information could be collected with
minimal effort. Due to the simple geometry of the test section
and the low flow velocities, it can be assumed that the numerical
simulations of the flow around the probe provide correct values.
As no influence of accumulated cells on the accumulation of fur-
ther cells is known, and also the attachment of cells does not sig-
nificantly change the geometry of the probe, it is reasonable that
cell attachment is not modeled in the CFD simulation. Note that
the complex shape of the wire makes any in situ measurements
using optical methods challenging. For these reasons, a numeri-
cal simulation of the flow seems to be sufficient and makes fur-
ther in situ measurements of the flow with CEC deposition in the
test section unnecessary.

Adv. Eng. Mater. 2022, 24, 2101317 2101317 (4 of 8)

The results of the study show that the normal component of
the near-wall convective flow has a considerable effect on the
attachment of cells. The majority of all attached cells (85.5%)
were found in areas with a negative normal flow. The used
parameter “wall normal rate” seems to be useful to identify
the areas where cell attachment is likely (Figure 2). However,
the orientation of the normal flow seems to be of much more
importance than its magnitude.

In contrast, an influence of the WSR cannot be determined
with certainty. The results of the CEC deposition experiments
show in Figure 2 that deposition correlates with low WSRs.
The deposition peaks tended to decrease with higher WSRs.
However, these results also correlate with increasing inlet flow
rates that shift the minimum WSR values toward higher values.
Accordingly, this finding should be taken with caution. That
shear flow can have an effect on cell-surface interaction is known
for other cells from the blood circulation, e.g., platelets.*®
However, an influence of the WNR on the deposition of CECs
on the functional surface of the probe cannot be completely ruled
out with this study.

In addition to flow conditions, the functionalized surface of
the BMProbe itself also has an effect on CEC deposition. The
investigation of the functionalized surface was beyond the scope
of this study. However, the quality of the functionalized surface
coating was continuously monitored.

The current study has some limitations. The in vitro tests were
performed under steady-state flow conditions, which neglected
pulsatile flow. To discuss the influence of pulsatile flow, it should
be noted that the flow rate pulsatility is much lower in veins com-
pared to arteries. The mean ratio of peak to mean flow rate in a
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cephalic vein, 1.36, is significantly smaller than the mean ratio of
3.84 in a brachial artery."¥ In this study, experiments were
performed with an mean flow velocity between 1 and 5cms™,
corresponding to a ratio of 5. No significant differences in the
number of attached cells could be detected. Therefore, it can
be assumed that pulsatility is not likely to have a major influence.

Dextran solution was used instead of blood. Dextran solution
mimics the non-Newtonian behavior of blood, but it is not a cell
suspension like blood. Blood cells, and especially erythrocytes,
could affect the near-wall transport of CECs and thus the adhe-
sion of CECs to the probe. For example, the influence of eryth-
rocytes on local diffusivity of blood is known from experiments
on platelet deposition."! As in this study the influence of a con-
vective transport on the accumulation of CECs is considered, the
diffusivity of the test fluid plays a negligible role and will not
significantly affect the results of this study.

The in vitro test chamber was designed with a BMProbe
placed in the center of the test section parallel to the flow.
This design resulting in the same flow condition for each wind-
ing segment of the probe allowed a better statistical evaluation of
experiments with a smaller number of tests. In human applica-
tions, the BMProbe is inserted into the vein at an angle, resulting
in an inclined position of the cell probe. The inclined probe leads
to more complex and variable flow conditions along the probe
length. These different flow conditions are largely covered in
our experiments due to the different mean flow velocities at
which the experiments were conducted. However, a more realis-
tic position of the probe should be investigated in future tests.
All results of the current study are valid for CECs. In order to
use the gained knowledge also for methods to isolate CTCs,
the abovementioned study should be repeated with CTCs.

5. Conclusion

A combined experimental and numerical study was elaborated to
investigate cell deposition on the functionalized surface of a
BMProbe under flow conditions. Based on the results of experi-
ments and flow simulations, a map of attached cells was defined
as a function of two hemodynamic parameters describing the
near-wall flow—the WSR and the WNR. This map allows an esti-
mation of cell attachment to a surface of any simulated cell probe

www.aem-journal.com

design without time-consuming and expensive in vitro testing. It
can be used to accelerate the development of new optimized cell
probes.

6. Experimental Section

The BMProbe: The BMProbe consists of an ~160 mm-long medical
stainless steel flat wire. It has a width of 0.8 mm and a thickness of
0.15 mm. The probe’s edges are rounded (Figure 4a) to avoid damaging
the blood vessel’s inner wall. The first 40 mm of each wire was twisted with
an in-house twisting device. The twisted part of the wire forms the base of
the functional surface. It is coated with a photoactive polymer to which any
immunoglobulin G antibody can be applied to. To isolate CECs, the
BMProbe is coated with the anti-CD105 antibody. CD105 is a proliferation-
associated and hypoxia-inducible protein, abundantly expressed on angio-
genic endothelial cells. The anti-CD105 antibodies for the characterization
of CECs have been published in several publications.?**"! Compared to
anti-CD146, anti-CD105 had a lower binding of unspecific cells. The bind-
ing properties were determined in in vitro experiments using healthy
donor blood. These and other studies that led to the development of
the BMProbe will not be discussed in detail, as this publication mainly
focuses on the cell attachment process caused by the near-wall flow
and not on the antigen—antibody interaction.

Experimental Study: In the experiments, the probes were placed in a test
stand circuit filled with cell suspension. A schematic sketch of the used test
circuit is shown in Figure 5. It consists of six test sections (marked with the
red dashed box in Figure 5) connected in series, a roller pump and a res-
ervoir with the cell suspension. Six test sections allow to simultaneously
investigate the CEC deposition on six probes. The cell probes are inserted
into the test sections and the cell suspension flows around them. For the
experiments, two flow systems were used in parallel for each of the four
different inflow velocities. In this way, 12 cell probes could be evaluated for
each inflow velocity. Ten of these were provided with the antibody coating
and two were uncoated as zero samples in the system.

The test section consists of a 113.5 mm-long PU tube. The inner diame-
ter is 2 mm at the inlet and outlet and up to 4 mm in the middle of the tube
(Figure 6a). At each end of the tube there is a three-way stopcock to which
the next test section can be attached (Figure 6b). Furthermore, the BMProbe
is inserted into the system through the inlet of the three-way stopcock.

Before the probe is inserted, the flow system is blocked with a 3%
BSA/PBS solution for 30 min. The system is then filled with fresh cell sus-
pension and the cell probes are inserted into the flow system. The cell
suspension consists of a 10% dextran solution to which HUVECs are
added. HUVECs are endothelial cells from the vein of an umbilical cord.
They are easily available, inexpensive, and therefore often used for endo-
thelial cell studies.”?! After preparing the 10% dextran solution, the
HUVECs are prepared, counted, and added to the dextran solution

Figure 4. a) The functional front part of the cell probe consists of a twisted flat wire. The edges of the wire are rounded to avoid damaging the vessel wall.
The twisted surface is coated with a polymer to which the anti-CD105 antibody is applied. b) Under the fluorescence microscope, the Hoechst-stained

cells that have adhered to the probe can be detected.
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Figure 5. Schematic sketch of the flow system for the in vitro isolation of CECs, consisting of six test sections. A cell probe is placed in a fixed position in
each test section. A roller pump pumps the cell suspension from a reservoir through the flow system.

113.5 mm \

D=4.1mm

Figure 6. a) A CAD model of the internal dimensions of the test section and the cell probe provides the basis for the CFD simulations. b) A photo of a test
section as it was used in the experiment. Flow direction is from left to right.

(1000 cells mL™"). As soon as the BMProbes are in the system, the exper-
iment is started, and the cell suspension is circulated with the roller pump.
The flow rate can be precisely adjusted with the roller pump. It is calculated
so that the mean flow velocity in the test section is the same as the desired
velocity. After 60 min the probes are removed from the system, washed,
and rehydrated for 5 min with PBS and then fixated with Acetone for 3 min.
After further washing, the probes are stained with Hoechst fluorescent dye
(1:10000 in PBS). The deposited HUVECs are now visible under the fluo-
rescence microscope and can be counted. To determine the positions of
the attached cells on the probe, a photo is taken of every fourth winding on
both sides of the probe (Figure 4b). In the current study, an Olympus BX51
microscope was used, to which an Axiocam 305 mono camera by Zeiss is
attached. The images were processed by Zen 3.0 software.

Numerical Study: In order to simulate the flow around the BMProbe, the
test section and the probe—shown in Figure 6—must be modeled on the
computer. For this purpose, the test section and the BMProbe were rec-
reated with the computer-aided design (CAD) program Solidworks 2018
(Version SPO5, Dassault Systemes).

In order to imitate the flow properties of blood, a 10% dextran solution
was chosen for the cell suspension. Dextran solution, like blood, is a non-
Newtonian fluid with a shear-thinning behavior. In order to quantify the
viscosity of the used Dextran solution, viscosity measurements were per-
formed with the rotational viscometer Bohlin Gemini HR from Malvern
Instruments (United Kingdom) at a temperature of 20 °C, which corre-
sponds to the room temperature during the experiments. It was found
that the dextran solution shows a shear thinning behavior, which can
be described with a power law

Adv. Eng. Mater. 2022, 24, 2101317 2101317 (6 of 8)

n(r) =k )

where 7 is the dynamic viscosity, 7 is the shear rate, k and n are constants.
For this reason, a non-Newtonian generalized power law must be selected
as the model for the dynamic viscosity in STAR-CCM+. Table 2 shows all
values required for the non-Newtonian generalized power law.

The mesh for the CFD simulation was created with STAR-CCM+
(Siemens PLM Software, version 14.02.012). A polyhedral mesh was

Table 2. In the CFD simulation, the viscosity of the dextran solution used
in the experiment must be accurately modeled. The measured viscosity
behavior can be simulated with STAR-CCM+ using a non-Newtonian
generalized power law model. All the factors required for this are listed
in the table.

k—Consistency factor 0.005914
n—Power law exponent 0.4337
Yield stress threshold 0.0Pa
Yielding viscosity 1.0Pas
Minimum viscosity limit 0.006 Pa's
Maximum viscosity limit 1.0Pas

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 7. Workflow of the image registration, superimposition and transformation generating images combining results of in vitro experiments with
results of flow simulations. a) A fluorescence microscope image and b) an image from the CFD simulation are superimposed. c) As the microscope
images were not always taken in the ideal position, the two images still have to be aligned with each other. A similarity transformation algorithm is used
for this purpose. The result can be seen in (d). Each attached CEC is marked with a red dot and assigned to the data from the CFD simulation.

selected. As the near-wall flow is of primary interest in this study, the mesh
in the direct vicinity of the probe was finer resolved. Therefore, a boundary
layer on the surface of the probe was created and the base size in the near
wall flow area was reduced. A mesh independence study showed that a
base size of 150 pm is enough to reliably resolve the investigated param-
eters. For the boundary layer on the cell probe, the base size was refined
down to 45 pm.

CFD simulations were performed in STAR-CCM+ (Siemens PLM
Software, version 14.02.012). A finite volume formulation is used to dis-
cretize the continuity equation for incompressible fluid and momentum
equations. Stationary flow conditions are assumed. In order to
classify the flow in the test section correctly and to select the correct
physical models for the simulation, a Reynolds estimation was done.
With a maximum Reynolds number of 210, a laminar and steady flow
can be expected.

Postprocessing: The CFD investigation has shown that the near wall flow
along the probe is identical for each winding. For this reason, it was
possible to compare the CFD data from one winding segment with the
experimental data from all windings of the probe.

Using a MATLAB program, the original microscope images were
inverted and the contrasts were intensified. Afterward, the contour of
the probe could be recognized and the position of the attached CECs
could be determined with an edge detection algorithm (MATLAB
bwboundaries, 2019).

Figure 7 shows the workflow of the image comparison. The inverted
microscope image with the recognized edges of the probe and the
attached cells (Figure 7a) and an image from the simulation from
the same case (here v=2cm s ™', Figure 7b) form the baseline data of the
method. Figure 7c shows the superimposition of both. They do not yet
cover each other exactly. Therefore, an intensity-based image registration
function is used to superimpose and align the two images. The image
from the simulation always remains the “fixed image” and the microscope
images becomes the “moving image” which is transformed with a simi-
larity transformation consisting of translation, rotation, and scale
(MATLAB imregister, 2019).

This transformation must be done for every microscope image because
they are often slightly shifted or twisted. After the transformation, the posi-
tion data of the attached CECs are saved in the coordinate system of the
“fixed image.”

Figure 7d shows the transformed microscope image (red hull) aligned
with the “fixed image” from the CFD simulation. The red dots mark the
center of the attached CECs. Using a MATLAB program, it is possible

Adv. Eng. Mater. 2022, 24, 2101317 2101317 (7 of 8)

to assign the data from the CFD (e.g., WSR or WSR) to each of these
attached cells.

The whole experiment was performed and evaluated with four different
mean flow velocities. As the flow around the probe is the same for each
winding, all images can be merged into one image for each velocity.
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