Supplementary Material for paper ‘'Threshold shear
stress for the transition between tumbling and
tank-treading of red blood cells in shear flow —
Dependence on the viscosity of the suspending

medium’
By T.M. Fischer and R. Korzeniewski

1 Perfusion system

Figure 1 schematically shows a cross section through thi#aogpand its embed-
ding. Capillaries were from Hilgenberg GmbH (Malsfeld, Gany). The dimen-
sions were: wall thickness = 24m, based on electron microscopy of a capillary
of the same batch as the one used in the experiments, inmeeidia= 975:m as
determined by light microscopy, and length = 30 mm. At bottsgrthe capillary
was held by an aluminum support and connected with largedilicene tubing to
stainless steel tubes glued to the aluminum support. Thisigeninimized me-
chanical disturbance of the thin walled capillary during &xperiments and during
the subsequent cleaning procedure so that all experimentd be made with the
same capillary. The solution outside the capillary had Hmesrefractive index as
the solution which was used for perfusion.

The perfusion was driven by constant pressure from an adfikkservoir con-
taining 10¢. The reservoir was pressurized up to 125 mm Hg using a punip wit
large bore tubing to avoid heating of the compressed airgt filling of the reser-
voir with 900g aluminum turnings also stabilized the tenapere due to the high
heat capacity of aluminum. The pressure was stable for adveurs without flow.
The pressure in the reservoir was applied to the free sudite suspension con-
tained in a vial from where it flowed via tubing to the staislaseel tubes glued to
the aluminum support of the capillary (see above).

To vary the flow rate, various cannulas were connected to ditfbow of the
capillary. Special attention had to be paid in order to avvmplets being formed
at the tip of the cannulas during flow, because the separafiardroplet from the
tip caused a sudden transient in flow velocity. Slow varreiof flow velocity,
however, did occur for unknown reasons. These variatiohsdi matter because
the current flow velocity was measured and used to calcuiatshear rate.

2 Microscopic imaging and registration

The aluminum support of the capillary was fastened to thgestd an ACM up-
right microscope (Zeiss, Gottingen, Germany). The flow afpsuinded particles
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Figure 1: Schematic cross section of the embedding of thesglapillary. The
maghnification and the numerical aperture of the objectieelérand 0.35, respec-
tively.

or red cells was observed in bright field using a 16x objectth 0.35 numeri-

cal aperture. lllumination was performed with a green LED{&on V, Philips)

adapted to the original lamp house to illuminate exactlhyhiek focal plane of the
condensor. The wavelength (415 nm) corresponds to a locdhman in the ab-

sorption of hemoglobin. To avoid motion blurr, a flash of/@2duration was used,
which essentially freezes velocities up to 16 mm/s. The osmopic image was
recorded with a b/w interlaced CCD camera (jai, M-50, Stemimeging, Puch-

heim, Germany). The short edge of the frame was orientediga@athe capillary

wall. The film scenes were recorded on video tape (DV, Diyitdeo Casette) and
simultaneously saved on the hard disc of a computer usinfyeékesoftware kino

(http://www.kinodv.org/).

In principle, measuring the velocity of fast moving objefitsm TV movies
is limited by the frequency of half frames; i.e. in Europe50/This limitation
was overcome by driving the flash illumination (KHS Elecimsnu. Laborgeréate,
Aachen, Germany) with unequal intervals (1). The interusisd for the measure-
ment of velocity ranged from 0.63 ms to 38 ms.

The radial range of the microscopic image covers 62 The calculation of
radial positions within the image is based on a calibratifpixel size with a stage
micrometer. The position of the microscope stage in radiakbtion was measured
to submicron sensitivity with an inductive probe (Mahr GmldBbttingen, Ger-
many). For the experiments in section 4 the position pdrallde optical axis was
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Figure 2: Completed image of a half frame showing latex sgshédiameter 2.03
um) flowing in the capillary. The latex spheres were suspetddxtran solution.
The flow direction is vertical. The centerline of the capilas outside of this
image. Black arrowhead: in focus. Double lined arrow: matidy out of focus.
White arrowheads: strongly out of focus. Single lined arvaithh open arrowhead:
dust on the glass plate covering the CCD chip. Triple linedvar capillary wall.
The width of the image corresponds to 162.

measured with an inductive probe of the same type.

The image of the objects in focus was not visibly distorted\ife 2). However,
objects not in focus were not just blurred but in additiontag in radial direction
or in radial plus flow direction, respectively, into two owufoblurred images. This
splitting became patrticularly apparent with small objd€tigure 2). A moderate
splitting in radial direction is also evident in Figure 3dtla¢ lower end of the red
cell where the contour has negative curvature.

3 Processing of the microscopic images

Offline evaluation of the microscopic images was performedien linux. The code
was written in python. The following steps were performegusatially.

1. The recorded scenes, one for each outflow resistance, spiteinto
single uncompressed images (.pgm) using the free softwaskayer
(http://iwww.mplayerhg.hu/design7/news.html). In thesggle images, the
pixels were no more exactly square shaped (see the blagkestio both
sides in Fig. 3a. The distortion was accounted for whgeh, and D were
calculated. Each of the two half frames comprising an image eompleted
to a full frame by filling the empty lines via linear interpttan of the grey
scale values (GVs) of the adjacent lines.

2. The GVs of all images were corrected using an empty imag&gong no
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red cells according to:

GVimage - 255

Gvempty image

Gvcorroctcd = (1)
Because of noise, Equation 1 resultsGV .o rectea > 255 for some back-
ground pixels. In such casésV ..recteda Was set equal to 255. The cor-
rection of GVs was necessary because towards the capillalfytive back-
ground was darker than in the middle (Figure 2). As a welcome sffect
of the correction (Equation 1), there was no interferencdust on the glass
plate covering the CCD chip (Figure 3a, c, d) with the imagepssing.

3. The corrected images were converted into binary imagieg @sthreshold
in GV. Its value was chosen to maximize the average grad@hRt ¢ee be-
low) in GV on the contour (determination see below) as judfyech the
histograms of GVs. This conversion resulted in black olsject white back-
ground.

4. The binary images were scanned for objects. The shape olbjent was
determined by finding its contour. A strategy was devisedckwhccepted
a black pixel as belonging to the object only when the pixajuestion had
at least one edge in common with the rest of the object. Thig Wack
pixels which adhered to each other solely via their vertlmasnged to two
different objects (Figure 3b). Objects with their contoomdhing the rim of
the image were excluded except for the check of close proxifeee below).
The completed image of a tank-treading red cell is shownguife 3c. The
contour overlaid on the same image is shown in Figure 3d watbikpixels.

5. Three different areas of each object were evaluated. A)ilimber of black
pixels inside and including the contour. B) Area A plus anyite/tpixels
inside the contour. C) Area B plus any white pixels in eack letween
the outermost contour pixels at right angles to the flow dioec The cell
shown in Figure 3c and d is an example Bk C. Such cells were accepted
providedB/C > 0.985.

The center of objects was calculated from the pixels canstd area B.
Small objects were excluded by threshold values in minimuea &8 and
minimum contour length. The value for minimum area dependedkly in
a linear fashion on L. Overlapping cells were recognizedirges objects.
They were excluded by a threshold value in maximum area B.

6. The orientation of deformed objects with respect to the fiiirection was
obtained by determination of the principal axes of the madneéimertia of
area B. The lengths of major and minor half axes were defindteatistance
from the center of the objects to the intersection of theqipal axes with
the outer edge of the contour. The sum of the two major hal§ &xealled L
and accordingly D for the two minor ones. L and D are shown guFa 3d
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Figure 3: Image processing of red cells. a: Full frame shgwea cells suspended
in dextran-salt solution of 23.9 mPas and subjected to ar dlwa of 120/s on
average. The width of the frame corresponds to 262 The interval between the
flashes exposing the same cell in each half frame was xx mschensatic of the
contour finding process. The upper left pixel does not betorthe object whose
contour is defined by the dashed line. c: Completed imageedfitler one of the
two rightmost red cells in a. The width of the image corresjsoto 23.1um. d:
Same image as ¢ but overlaid with the major and minor axegé)ytihen with the
subaxes (grey), and finally with the contour (black). ArearBa C = 0.9892 (see
text for details). The flow direction in a, ¢, and d is vertiaal the capillary wall is
at the left hand side. The circular spots are due to dust ogl#ss plate covering
the CCD chip.
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10.

with white pixels. They do not extend all the way onto the contbecause
the contour was overlaid onto the picture after the axes.

. The four pixels having an edge in common with a pixel of thetour (la-

belled top, bottom, left, and right) were used to calculagdbsolute value
(gp) of the local gradient in GV.

gp = \/(lecft - Gvright)2 + (thop - Gvbottom)27 (2)

where the GVs were taken from the background-corrected esmaghe av-
eraged value of, served as a measure of the quality of the focus (QF) of
the particular object.

QF =) g, 3
p=1

where nwas the number of pixels of the contour. QF was usefbkivd-irst,
histograms of QF served as a criterion to choose the valueedattreshold
in GV (see above). Second, by applying an appropriate threé<pF served
to exclude TT cells not in focus or TB red cells not orientedexdn even
when they are in focus (see Figure 4).

. To exclude the influence of a fluid dynamical interactiotwaen close ob-

jects on their shape and/or orientation, two objects weckided when both
of the following conditions were fulfilled. (i) the centerseve closer than 19
pm. (i) QF of both objects was greater than half the exclusiwashold.

. To measure the symmetry of objects the lengtlsubbixes was calculated.

These subaxes were parallel to the minor axis and startdek ah&jor axis
at distanced.5w + n - 3w from the center, where is the side length of
a pixeland n =0, 1, 2 ...until the end of the object was enayendt The
subaxes are shown in Figure 3d with grey pixels.

Three measures of symmetry were calculated by summing swab val-
ues of the differences in length of pairs of subaxes. Coomdipg pairs were
chosen as to determine the mirror symmetry with respect th poncipal
axes and the symmetry corresponding to a rotation by &8fund the center
of the objects. A fourth measure was the absolute value diifference of
the two major half axes.

Red cells whose shape had become abnormal probably due sugphen-
sion in a non physiological medium were excluded from furthealuation
by applying filters with appropriate threshold values of ther symmetry
measures. These threshold values depended weakly in afiisééon on L.

The smoothness of the contour was checked in two wayst, Hie differ-
ence of neighboring subaxes and from these again the ditfereas calcu-
lated. This way, a measure of the local curvature along tidéoco of red
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Figure 4: Full frame showing red cells suspended in dextadhsolution of 10.7
mPas and subjected to a shear flow of 5/s on average. The celis the TB
regime. Two cells are in focus, one oriented edge-on the aftented face-on.

11.

cells was obtained. The outermost two subaxes were exchelzglise cells
show strong curvatures at the ends naturally. The maximwhmanimum
value were used to exclude cells with local outward or inwauthes via

threshold values.

Second, the number of pixel pairs juxtaposed at right ariglése flow direc-
tion was counted. Only pairs of pixels in the interygl—0.8 L1 cos?(0), ys+
0.8Lacos%()) were used, wherg; is the y-coordinate of the cell centdr;

the upper half major axid, the lower half major axis, angithe inclination
angle. The exponent of two was pragmatically chosen, inrdodavoid that
with increasing the curvature at the cell ends contributes to this sum. With
increasing, juxtaposed pixel pairs occur not just at the cell ends. &loee
their number was multiplied withos®, where the exponent of three was also
pragmatically chosen. A threshold value for this modifiedhber of pixel
pairs served to exclude cells with strong kinks along thentour.

Two images (e.g. Figure 3c, d) of each object which patsedhreshold
criteria were stored separately. In addition, such paiimafjes were stored
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for objects having values up to 10% above or below their retsgethresh-
olds. This allowed to choose values for the various threshthat made
the percentage of falsely rejected and falsely acceptdsd approximately
equal, by screening these images.

12. From the distance of the same red cell in the two halves fofl drame
and the time interval between the respective flashes, tlheitebf flowing
objects was calculated (see Figure 3a). The maximum tineevialt (38ms)
was limited by the constant frame rate (25/s). For low véiesj this time
interval results in small distances travelled betweenwweehalf frames and
the recording of the same cell in several consecutive falinis. In these
cases, the evaluation of the velocity encompassed as mdriyaines as
possible for each red cell.

4 Experiments to find the proper focus to be used in the
experiments

The microscopic image of the inner wall of a capillary wasuaficed by total
reflection at the curved surfaces which separate mediafefeélift refractive indices
(Figure 5a). In order to know how the image of the wall looke Wwhen the focus
was on the capillary midplane, separate experiments weferpesd.

The capillary was perfused at constant pressure with a sagpe of latex
spheres (diameter 2.03m). During the perfusion, the capillary was moved in
radial direction so that alternately one inner wall and thddie of the capillary
appeared on the microscopic image. In each of these pasttierfocus was moved
stepwise from safely below to safely above the midplane efctpillary. At each
step the position of the objective was read at the vertichlctive probe and a scene
of 20 s was recorded. In the middle of the capillary the stepsevapproximately
8 um; at the rim the steps were smaller.

From each scene recorded in the middle of the capillary, éhecity of latex
spheres in focus was evaluated. The velocities were fittéd avparabola to find
the maximal velocity. These maximal velocities dependedhenreading of the
vertical inductive probe and were again fitted by a parabdlae maximum of
this parabola indicated the reading at which the focus wath@midplane of the
capillary. The microscopic images of the inner wall depehadle the focus. Based
on equivalent readings of the vertical inductive probe,ithage of the inner wall
was found where the focus was on the midplane of the capillamhe experiments
with red cells the focus was set on the midplane of the capibig reproducing this
image of the inner wall (Figure 5a).
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Figure 5: Image processing of the capillary wall. The heighthe images cor-
responds to 122m. a: The green arrow points to the black line the position of
which was found by image processing. The red arrow points dpa which is
due to dust on the glass plate covering the CCD chip. b: The sarage as (a)
but more trimmed. The minimum of the second derivative in Gdamal to the
wall in each line is indicated by a white pixel. The green arpmints to the ab-
solute minimum of the second derivative. The red arrowstgoioutliers. ¢: The
final position of the wall (white pixels) as found after elmation of the outliers by
execution of the creep routine. See text for details.
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5 Determination of the apparent radial position

Each time before testing a new suspension, the microscage stas moved in
radial direction to position the left and right capillary Wapproximately in the
middle of the microscopic image. In both positions imagesewaken and the
display on the horizontal inductive probe was read. An imigpemed to show
basically the capillary wall is shown in Figure 5a. The gositof the dark column
lined by two lighter columns (green arrow) was evaluatedrbgige processing as
follows.

In each line the difference in GV of neighbouring pixels wakalated. This
difference is a measure of the first derivative in GV normath capillary wall.
Repeating this procedure resulted in the second derivaiiee pixels with the
lowest value of this second derivative are shown in whiteigufe 5b. In most
cases this minimum was already on the black column or next t&dmetimes
outliers were observed. A typical case is shown in Figure blere two white
pixels are displaced from the black line (red arrows). Tmalate such outliers, a
so called creep routine followed. This routine starts atithite pixel distinguished
in Figure 5b by two marks to the left and right hand side (graeow). This pixel
was found as follows: the median of the horizontal positibalbwhite pixels in
Figure 5b was determined. Among all white pixels having thme horizontal
position as the median, the one with the lowest value of therskderivative was
chosen. The creep routine progressed from this pixel in Biodttions by finding
iteratively the lowest GV in the respective adjacent linéh@ same column or one
column to the right or to the left. These pixels (white in Fig&c) were taken to
represent the black line. This procedure worked even wheémage was spoiled
by an object out of focus (not shown).

A linear regression through these pixels was calculatece auerage values
of the two slopes were used to corrécaccordingly. The radial position of the
two regression lines and the respective readings of thedwal inductive probe
are used to calculate the position of the centerline witpeesto the inductive
probe. The apparent radial position of individual red celithin the capillary
was calculated using their position within the image, thepeetive reading of the
horizontal inductive probe, and the position of the ceirterl

6 Theoretical calculation of the surface being in focus

Light rays emanating from a red cell are refracted sevenaddi before entering
the objective. As a consequence the apparent image of aotobjexpected to
be shifted from its actual position. The situation is degiicin Figure 6a. It shows
schematically a cross section through the capillary andoiwalles of rays (contin-
uous magenta lines withiperture = sina)) one focussing the capillary centerline,
the other focussing a red cell (red) after moving the objedtiorizontally offcen-
ter. The blue dashed-dotted lines indicate the respecptiead axes. Without



Supplementary Material 11

0 0660660060906 00000¢0
[ % §
-1 i 9 N
Aperture .
2| 0.05 . 1
£ 010 ~
- 3 0.15 © 1
< 0.20 o
<4 025 o :
0.30 a
5 | ]
6
0 100 200 300 400 500
lapparent [ um

b

Figure 6: Geometric optics calculation for microscopic gimg through a glass
capillary embedded in the same liquid as inside the capill@he radii were, re-
spectively, 0.492 and 0.516 mm for the inner and outer radfuthe capillary.
The refractive indices were, respectively, 1.355 and 1f6i.%he liquid and glass.

a: Schematic cross section through the capillary showingawndles of rays (con-
tinuous magenta lines witliperture = sina), one focussing on the capillary cen-
terline, the other focussing a red cell (red) after movirg dbjective horizontally
offcenter. The blue dashed-dotted lines indicate the mtiseeoptical axes. b: Hor-
izontal distanceAh) of the focussed red cell from the optical axis versus the dis
tance of the optical axis from the capillary centerline.
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refraction the offcentered bundle of rays would be focussethe intersection of
the optical axis with the capillary midline (green dashediich is the apparent
position of the red cell. The actual position deviates fromdpparent one in hori-
zontal (Ah) and vertical directionfv). To quantitate these deviations a geometric
optics calculation was performed.

First, the case was considered when the optical axis irtisriee centerline of
the capillary. Here, light rays propagating from the cdmtertraverse the capillary
wall unrefracted (Figure 6a). For numerical apertures irapfrom 0.05 to 0.30,
two rays starting at the centerline with positive and negaiticlination from the
optical axis were used to determine their distanfe)(at an arbitrary but fixed
height (Ay) above the capillary but still within the embedding solatio

Second, off center cases were calculated. For each nuinapegure the
course of rays starting from the poinis(parent £ Az, Ay) into the capillary with
the respective inclinations was calculated. The inteiseaf the two rays was
taken as the actual focus at the respective aperture anghgtnt -

A maximum numerical aperture of 0.30 was used because thig igpproxi-
mate value after rays of numerical aperture of 0.35, the mami of the objective,
traverse the top coverslip separating two media of differefractive index.

Figures 6b and 7c show the position of the focus vergys..cnt. The devia-
tion (Ah) at right angles to the optical axis was very small (Figurg 8lis is due
to the fact that the horizontal shift of corresponding raythwositive and negative
inclination is opposite. As a consequence of this opposiie the deviation (\v)
parallel to the optical axis is an order of magnitude high&gyre 7c). It hap-
pened that for the present settingparent /Tactual — 1 < 107! (data not shown).
Thereforer,pparent Was used instead of.1,,.1 in evaluating the data.

As a consequence of the elevation of the actual focus abevenitiplane of
the capillary, red cells tank-treading are oriented notcxeedge on. The tilt
angle ) versusrapparent 1S Shown in Figure 7d. This tilt lead to an apparent
underestimate of and overestimate of D. To correct these quantities for eagh r
cell, the data points in Figure 7d were fitted by the followprggmatic approach.
For0 < rapparent < 320 um the fit function was

b
f(rapparent) = aTapparent> (4)

with a=2.383107° and b=1.648. FoB00 um < Tapparent < 460 um the fit func-
tion was

g(Tapparent) = F(300 M) -+£'(300 12M) (Fapparent —300 M) +¢(Tapparens —300 pm)<,
%)

with ¢=2.69910~8 and d=3.492. The fit is shown in Figure 7d as a continuous line.
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Figure 7: Geometric optics calculation for microscopic gimg through a glass
capillary embedded in the same liquid which is inside thelleay. The radii were
0.492 and 0.516 mm for the inner and outer radius of the eapjlrespectively.
The refractive indices were 1.355 and 1.515 for the liquid glass, respectively.

c: Vertical distance v, see Figure 6a) of the focussed red cell from the capillary
midplane (green dashed, see Figure 6a) versus the disthtieeaptical axis from
the capillary centerline. d: Tilt angle-( see Figure 6a) of the focussed red cell
versus the distance of the optical axis from the capillarjedine.
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7 Experiments to determine the slip velocity

The slip velocity {i,) of spheres in Poiseuille flow is given (2) as:

2 T'sphere 2
Uslip = _§ Ucenterline R ) (6)

where R is the luminal radius of the capillary. The fractional deiia of the
velocity of a sphere from the velocity of the undisturbeddiilow at radial position

ris: )
Uslip _ _g < 7asphere ) (7)

vPoisouillo(T') 3 R2 - T2

For a sphere of diamet@rum atr = 460 um, a radial position where wall effects
can be considered to be absent, this fractional deviatiosuats to10~*. There-
fore the velocity of such latex spheres can be taken as adimaior of the velocity
of the undisturbed fluid flow for < 460 um. For spheres af yum diameter, the
maximum dimension of a resting red cell, the value is1D.6*. This would still be
neglegibly small. However, an appreciable deviation wamébbetween the the-
oretical prediction of solid particles and an observatibtaok-treading red cells
(3). Because this finding suggested a deviation in behavitark-treading red
cells compared to solid spheres, experiments were pertbtmeneasure the slip
velocity of tank-treading red cells in the present geometry

The capillary was perfused with a suspension of either Igfdreres (diameter
2.03um) or red cells, both suspended in dextran-salt solutioAs(ar 55.9 mPas
at 23C). vcenterline fanged from 1.0 to 6.5 mm/s for the 14.6 mPas solution and
from 1.2 to 36 mm/s for the 55.9 mPas solution. The flow of lapheres or red
cells was recorded in the radial range from the capillaryl teathe centerline.
Since small variations in flow could not be excluded, this wase several times
for each outflow resistance. For each recordifgcmine Was determined by a
parabolic fit. All data were normalized by the average of the €ncompassing
values ofvcenteriine. ONly those data were used where the two encompassing values
did not differ by more than 2%.

A typical result is shown in Figure 8. It is obvious that tharas no difference
in velocity between red cells and latex spheres. Had thexe aelifference, the rel-
ative deviation would have been largest at low velocitieser€fore a logarithmic
scale was chosen.

8 Determination of the local shear rate

Three parameters are necessary to calculate the sheaiyatégwing particle is
subjected to in Poiseuille flow. For the present set up, thewmg parameters
were chosen: the luminal radius of the capillaR) (the radial position«() and the
velocity (v(r)) of the flowing particle. The local shear rate is calculatgd b

() = o).

(8)
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Figure 8: Half logarithmic plot of the normalized velocitysttibution of red cells
and latex spheres versus the radial positiQQ,ieriine = 1.0 mm/s, viscosity of the
suspending phase = 14.6 mPas &t@3The points at about = 490 ym result

from parts of the image of the capillary wall not completektimguished by the
background correction.

R was determined as described in section 1. For the evaluafio(r) see sec-
tion 3. Forr we usedr,pparent (S€CtION 6).
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