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1 Shape 
hange indu
ed by albumin

Red 
ells were observed with an 100/1.30 interferen
e 
ontrast T obje
tive (Leitz, Wetzlar, Germany). For

illumination, a 
ustom made light sour
e (LED 515 nm) was used.

The experiment started by �lling a transparent 
hamber with a suspension of RBCs suspended in PBS.

Bottom and top of the 
hamber were made of glass. The glass e�e
t transformed the 
ells into spheres

de
orated with spi
ules, so-
alled e
hino
ytes type 3 (E3) [1℄.

In a se
ond step, PBS supplemented with bovine albumin (2 g%) was added in su
h a way that both

liquids were in 
onta
t without mixing. Due to di�usion of the albumin, its 
on
entration slowly in
reased

at the lo
ation of the RBCs. Albumin is a stomato
yti
 agent. As su
h it de
reases the spontaneous


urvature of the membrane. This de
rease transforms e
hino
ytes into dis
o
ytes and eventually into

stomato
ytes. Figure S1 shows sele
ted frames of su
h a sequen
e.

For te
hni
al reasons, it was not possible to 
apture the 
ell in the E3 stage. The �rst image shows an

e
hino
yte type 2 (E2) whi
h still has spi
ules but its overall shape is �at. The whole sequen
e is shown in

a movie (Supplementary Materials, Movie 1). The movie is in time lapse mode. The 
ontra
tion in time

is 27 fold.

The stable edge-on orientation during this sequen
e is explained as follows. After �lling the 
hamber

and subsequent sedimentation, the E3 atta
hed with the tip of some spi
ules to the bottom. Obviously


orresponded these spi
ules to a portion of the rim of the former (before �lling the suspension into the


hamber) and later (Figure S1 at 127s) bi
on
ave dis
. The atta
hment of the rim to the bottom of the


hamber is suggested having prevented the rotation into a fa
e-on orientation.

0 s 127 s 427 s

Figure S1: Sele
ted frames of a movie (Supplementary Materials, Movie 1). The times 
orrespond to the

a
tual time in the experiment. The s
ale bar 
orresponds to 10µm.
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Figure S2: Measured and 
al
ulated intensities versus wave length. Blue: the intensity delivered by the

LED. Red: the expe
ted intensity after passing the �lter N1.7. Bla
k: the intensity expe
ted to be re
orded

by the 
amera 
hip.

2 Calibration of the 
amera response

Figure S2 (blue) shows the spe
trum of the LED as supplied by the manufa
turer. To dim the illumination

by the LED, a set of six neutral gray �lters was used. The transmittan
e through these �lters was

measured as a fun
tion of in
ident wave length using the spe
trometer AVASPEC-ULS2048CL-EVO-RS-

UA (Apeldoorn, The Netherlands). Multipli
ation of the respe
tive fun
tions with the spe
trum of the

LED results in the spe
trum of the transmitted light. In Figure S2 the resulting 
urve is shown in red for

the �lter 
alled N1.7. The red 
urve in turn was multiplied with the spe
tral sensitivity of the 
amera 
hip

resulting in the bla
k 
urve in Figure S2. The area under the bla
k 
urve was taken as a relative measure

of the expe
ted 
amera response.

Gray values (GVs) were observed in the ba
kground of a mi
ros
opi
 image prepared as des
ribed in

Se
tion 2.2. Without dimming, the intensity of the illumination was 
hosen as bright as possible but with

the ba
kground peak 
ompletely 
ontained in the histogram of GVs. A series of images was re
orded

pla
ing the neutral gray �lters in the opti
al path. In these images, a region of 285x129 pixels was sele
ted

whi
h is large enough to average out os
illations of GV. In Figure S3 the average GVs inside this region

are plotted versus the expe
ted response of the 
amera. The linearity warrants to use GVs dire
tly as

measures of the redu
tion in transmitted light by the 
ytoplasmi
 hemoglobin (Hb).
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Figure S3: Measured GVs versus 
al
ulated intensities. Bla
k: data with SD. Red: linear regression.

3 A

ounting for the absorption of plasma

The situation in the experiment is des
ribed by a serial appli
ation of Equation 1:

Ip = I0e
−µpdp ; I1 = Ipe

−µrdr, (1)

where µ is the absorption 
oe�
ient and the indi
es p and r indi
ate plasma and RBC, respe
tively. After


ombining the two equations:

ln
I1
I0

= −µpdp − µrdr. (2)

With dp = f1dr and µp = f2µr, where f1 and f2 are numeri
al fa
tors we obtain:

ln
I1
I0

= −µrdr(f1f2 + 1) (3)

and �nally the analog to Equation 2:

ln(GVra)− ln(65535)

ln(GVrb)− ln(65535)
=

µrdra(f1f2 + 1)

µrdrb(f1f2 + 1)
=

dra
drb

. (4)

4 Image pro
essing

The ba
kbone of the 
ode are shell s
ripts running under debian linux. Inside the s
ripts various jobs were

assigned to the following freely available software: imagej [2℄, gawk, gnuplot, L

A

T

E

X, and imageMagi
k.

The following steps were performed sequentially:

1. The frames stored on the hard disk were binarized using the default method of imagej for threshold-

ing. This operation results in bla
k obje
ts on white ba
kground. An example of a single 
ell shows

Figure 2b.

2. Small and large obje
ts were ex
luded from further pro
essing. Small obje
ts were 
ells 
ompletely

out of fo
us be
ause they stu
k at the "
eiling" of the 
hamber or remnants of 
ells interpreted later
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as the result of pitting events in the spleen. Large obje
ts were RBC aggregates or several 
ells so


lose to ea
h other that the thresholding routine re
ognized them as a single obje
t.

3. Ea
h of the remaining obje
ts was 
ropped resulting in a small image 
ontaining the obje
t in its


enter and possibly parts of neighboring 
ells at the edge of the image.

4. The ba
kground was set to white using the plugin "Non-uniform Ba
kground Removal" of imagej.

To this end 8 regions of interest (ROIs) were de�ned in a 
ir
le around the 
entral obje
t serving as

ba
kground samples (Figure 2a). ROIs not representing the a
tual ba
kground but regions outside

the frame or 
lose to neighboring 
ells were removed. The plugin �nds a plane through the GVs of

the remaining ROIs. Finally, all GVs of the image were 
orre
ted by the respe
tive GV of that plane

using

GVcorrected =
GVimage · 65535

GVplane

, (5)

where 65535 
orresponds to white in 16-bit images required by the plugin.

5. Aggregated doublets or triplets passed the �lter step 2. The mean GV of the 16-bit images inside

the 
ontour of the digitized obje
ts was 
al
ulated and the values displayed as a histogram. These

histograms showed two peaks. The peak with the lower GV 
orresponded to remaining aggregates.

The respe
tive obje
ts were removed.

6. In some images neighboring obje
ts were so 
lose that they might disturb the determination of the 
ell

pro�les (Figure 3). To remove the respe
tive images, the threshold pro
edure (step 1) was run with

an in
reased value of the threshold. As a 
onsequen
e, the obje
ts in
rease in size, 
lose neighbors


oales
e with the 
ell in the 
enter, and the 
ombined obje
t is removed thanks to the feature that

ex
ludes obje
ts tou
hing the rim.

7. To eliminate 
ells with bad fo
us, a gradient image was generated from the images 
onverted ba
k to

8-bit. High GVs in these images 
orrespond to steep gradients. From ea
h image, only those pixels

were extra
ted that lined the 
ontour of the digitized images (Figure 2b) on both sides. The positions

of these pixels were 
onverted to polar 
oordinates resulting in a list of GVs along the 
ontour.

RBCs with lower Hb 
on
entration have higher mean GVs. At same 3D shape they have smaller

gradients. To 
ompensate, the gradients were renormalized to values that would prevail if the mean

GV of the respe
tive RBC was 0.4 the GV of white (Figure S4).

The resulting data were smoothed using a spline. With two thresholds one for the average GV and

another one for the minimum GV of this spline, most images with unfo
used 
ells were eliminated.

Sin
e the 
ontour and the maximum gradient did not always 
oin
ide, another �lter followed (step

8).

8. To eliminate remaining unfo
used 
ells, the GVs of the gradient image were re
orded along a ray

through the 
enter of the 
ell and in
luding an angle α with the horizontal. The GVs along this ray

had a lo
al maximum at the lo
ation of the 
ell border. The three highest GVs of ea
h ray were

averaged. This averaged value was re
orded for 180 equally spa
ed angles α resulting in a list of

GVs along the 
ontour. As in step 7, these data were renormalized, smoothed by a spline, and two

thresholds one for the average GV and another one for the minimum GV were applied to eliminate

remaining unfo
used 
ells.

9. The orientation of the major axis was obtained by �tting an ellipse to the digitized image (Figure 2b).

The respe
tive angle 
orresponds to the prin
ipal dire
tion of the inertia tensor of the digitized image.

Major and minor axes were obtained from the size of the smallest re
tangle en
losing the digitized

image. Pro�les (Figure 3) were obtained from the GVs of the 16-bit images inside slender re
tangles

oriented along the prin
ipal axes (Figure 2
). The width of the re
tangle along the major axis was

0.005 times the minor axis and a

ordingly for the minor axis.
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Figure S4: Renormalization of GV-gradients. Abs
issa: the relative mean GV of an RBC. Ordinate: the

fa
tor to renormalize GV-gradients of RBCs with relative mean GVs > 0.4.

5 Identi�
ation of stomato
ytes

In order to �nd 
riteria to �lter stomato
ytes, a series of extra experiments was made. Washed RBCs

obtained by �nger pri
k were suspended at extremely low 
on
entration in 26% OptiPrep and 74% PBS

to avoid sedimentation and supplemented with 0.1 g% bovine albumin in order to a
hieve moderate stom-

ato
ytes despite the glass e�e
t. The suspension was �lled in a 
one-plate 
hamber in whi
h both the 
one

and the plate 
ould be moved in x and y (with the opti
al axis being along z). With this system, it was

possible to rotate 
ells about any axis lying in the x,y-plane and at the same time keeping it inside the


amera image. The opti
s 
omprised an obje
tive NPl 100/1.3, a 
ondenser of 0.9 aperture and bright-�eld

illumination by an LED (416 nm). Most RBCs were stomato
yti
. Some 
ells were dis
o
ytes on the verge

of be
oming stomato
ytes.

Sele
ted 
ells were rotated and �lmed. From these �lms, one or two edge-on orientations and one

fa
e-on orientation were sele
ted. The fa
e-on orientations were pro
essed as des
ribed above. Figures S5,

S6, S7, S8 show the results.

The two graphs in line 1 of ea
h of these �gures show pro�les of GV along the major and minor prin
ipal

axes as in Figure 3. The two dire
tions are referred to as long and wide in the following. As distinguished

from Figure 3, only the 
entral part is shown. Line 2 shows the se
ond derivatives of the red 
urves in

line 1. Line 3 shows mi
ros
opi
 images in the fa
e-on and edge-on orientation.

The verti
al bla
k lines in line 2 indi
ate the lo
ations of the two minima in the graphs of line 1 and

the maximum in between. The value of the se
ond derivative at these three lo
ations 
an be interpreted

as the 
urvature of the pro�le. Comparing Figures S5 and S6 with Figures S7 and S8 shows that (i) the


urvature at the maximum is mu
h lower in stomato
ytes than in dis
o
ytes and (ii) the 
urvatures at

the minima is mu
h higher. Of the two values at the maximum obtained in long and wide the smaller

absolute value was sele
ted. Of the four values at the minima obtained in long and wide the largest two

were sele
ted. A 
ombination of both values was used as a 
riterion to �lter stomato
ytes.
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Figure S5: Data of a severely asymmetri
 stomato
yte; line 1: pro�les as in Figure 3, however, only the


entral part is shown (a: along the major axis, b: along the minor axis); line 2: Se
ond derivative of the

respe
tive red 
urves in line 1; e: view edge-on 
orresponding approximately to the se
tion in a, the s
ale

bar indi
ates 10µm; f: view fa
e-on; g: view edge-on 
orresponding approximately to the se
tion in b.
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Figure S6: Data of a moderately asymmetri
 stomato
yte; line 1: pro�les as in Figure 3, however, only

the 
entral part is shown (a: along the major axis, b: along the minor axis); line 2: Se
ond derivative of

the respe
tive red 
urves in line 1; e: view edge-on 
orresponding approximately to the se
tion in a, the

s
ale bar indi
ates 10µm; f: view fa
e-on.
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Figure S7: Data of a mono
on
ave dis
o
yte; line 1: pro�les as in Figure 3, however, only the 
entral part

is shown (a: along the major axis, b: along the minor axis); line 2: Se
ond derivative of the respe
tive

red 
urves in line 1; e: view edge-on 
orresponding approximately to the se
tion in a; f: view fa
e-on, the

s
ale bar indi
ates 10µm.
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Figure S8: Data of a bi
on
ave dis
o
yte; line 1: pro�les as in Figure 3, however, only the 
entral part is

shown (a: along the major axis, b: along the minor axis); line 2: Se
ond derivative of the respe
tive red


urves in line 1; e: view edge-on 
orresponding approximately to the se
tion in a, the s
ale bar indi
ates

10µm; f: view fa
e-on.

9



6 Identi�
ation of e
hino
ytes

The method to identify e
hino
ytes was based on the plugin "Contour Curvature" in imagej. Figure S9a

shows the original image of an E2 after ba
kground removal. Figure S9b shows in bla
k and white the

same 
ell after 
onversion to a binary obje
t. Figure S9
 shows in light blue the 
ontour of the shape

in Figure S9b. This 
ontour is smoothed by the plugin using Fourier shape-des
riptors with 12 Fourier


oe�
ient-pairs (red in Figure S9
). In order to distinguish the two 
olors it ne
essary to zoom in. The


urvature of the smoothed outline and its derivative are shown in Figure S9e. E
hino
ytes were �ltered

using the SD of the 
urvature and the minimum of the derivative.

E
hino
ytes found via this pro
edure were further di�erentiated using the plugin "Oval Pro�le" in

imagej. An ellipse was de�ned inside the 
ontour of the RBC (see Figure S9d). The axes of the ellipse

were 0.7 times the major and minor axis of the RBC. The variation of the GV along this line is shown in

Figure S9f with blue 
ir
les. The red 
urve is a spline through the data. Figure S9g shows the derivative of

the spline. The 
riterion to �lter E2 was a threshold for value of max{max(derivative), -min(derivative)}.

In Figure S9g, the value would be ≈ 1.4. E
hino
ytes not 
lassi�ed as E2 were taken as E1.
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Figure S9: For details see text. b: The s
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ates 10µm. d: Please note that the 
ell is rotated

to make the major axis horizontal.

10



7 Poikilo
ytes

✶✲✵✼✽✸ ♣ ✶✲✶✵✼✹ ♣ ✶✲✶✶✹✷ ♣ ✷✲✵✼✶✻ ♣ ✷✲✵✾✻✶ ♣

✷✲✶✵✸✹ ♣ ✸✲✵✸✺✷ ♣ ✸✲✵✻✻✹ ♣ ✹✲✵✻✾✷ ♣ ✹✲✵✸✷✸ ♣

✹✲✵✹✹✹ ♣ ✹✲✵✼✸✺ ♣ ✹✲✵✽✹✶ ♣ ✺✲✵✶✷✺ ♣ ✺✲✶✵✾✵ ♣

✻✲✶✹✹✾ ♣ ✼✲✵✸✸✶ ♣ ✼✲✵✸✻✾ ♣

Figure S10: All pitting type 1 
ells found in plasma suspensions. The 
ode under ea
h 
ell means: donor-


ellNumber plasma. The s
ale bar indi
ates 10µm.
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✻✲✶✷✼✾ s✇ ✻✲✶✷✾✹ s✇ ✼✲✵✹✶✻ s✇ ✼✲✶✵✽✼ s✇ ✽✲✵✽✾✺ s✇

Figure S11: All pitting type 1 
ells found in serum suspensions. The 
ode under ea
h 
ell means: donor-


ellNumber serum. The obje
t 3-0094 is an aggregated doublet. The s
ale bar indi
ates 10µm.
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✸✲✵✾✾✼ s✇ ✸✲✶✶✹✺ s✇ ✸✲✶✷✺✽ s✇ ✹✲✵✻✹✼ s✇ ✺✲✵✸✾✷ s✇

✻✲✶✶✾✵ s✇ ✻✲✶✸✸✽ s✇ ✻✲✶✻✸✹ s✇ ✼✲✵✺✽✽ s✇ ✼✲✵✽✹✼ s✇

Figure S12: All pitting type 2 
ells found in plasma or serum suspensions. The 
ode under ea
h 
ell means:

donor-
ellNumber plasma or serum. The s
ale bar indi
ates 10µm.
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8 Comparison of the fo
us along the major and minor axes

In order to 
he
k whether an in
lined orientation of red RBCs dupes an in
reased aspe
t ratio, the fo
us

of RBCs along the major and minor axes was 
ompared. To this end, the list of GVs along the 
ontour

obtained during image pro
essing (Se
tion S4, step S8) was used. This list represents the gradients in GV

at the border of the 
ontrast enhan
ed image.

Four sele
tions from this list were used. In 
ells with an aspe
t ratio of unity, ea
h of the four sele
tions


omprised the same number of data. With in
reasing aspe
t ratio, this number de
reased along the major

axis and in
reased along the minor axis in a linear fashion. An example is shown in Figure S13.

l1

w1

l2

w2

Figure S13: The red parts of the 
ir
umferen
e indi
ate the position and size of the four sele
tions.

The values in ea
h of the four sele
tions were averaged and denoted as shown in Figure S13.

The ratio

|w1 − w2|

|l1 − l2|
was plotted versus aspe
t ratio. An example (of donor 4) is shown in Figure S14. The

plots for all donors are shown in the data-sheets (Supplementary Materials, Do
ument 2). All 
orrelation


oe�
ients in
luding the values for plasma and serum suspension range from -0.065 to 0.059.
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Figure S14: Correlation of

|w1−w2|
|l1−l2|

with aspe
t ratio. The orange number denotes the 
orrelation 
oe�
ient.
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9 Cumulated data

9.1 Distributions of medians and means, plasma
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MVmds = 0.959

SD = 0.00443

CV = 0.00462

MVmvs = 0.950

SD = 0.00601
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Lady’s Finger Asymmetry at the Median of Aspect Ratio

Figure S15: Distributions of the medians (gray) and means (red) of seven parameters of eight donors.

Suspension of the RBCs in plasma. SDs 
orrespond to standard errors of the means and medians, respe
-

tively.
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9.2 Distributions of medians and means, serum
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Lady’s Finger Asymmetry at the Median of Aspect Ratio

Figure S16: Distributions of the medians (gray) and means (red) of seven parameters of seven donors.

Suspension of the RBCs in serum. SDs 
orrespond to standard errors of the means and medians, respe
-

tively.
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9.3 Correlation 
oe�
ients of the s
atter plots
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Figure S17: S
atter plots show the dependen
e of a pair of two quantities. Seven quantities result in

21 s
atter plots. The plots are shown in ea
h donor-spe
i�
 data-sheet (Supplementary Materials, Do
-

ument 2). Here the ranges of the 
orrelations 
oe�
ients in
luding the values for plasma and serum

suspension are shown. Be
ause of limited spa
e the labels "Rim Thi
kness Ratio along the major axis"

or "Rim Thi
kness Ratio along the minor axis" are used instead of: ratios between rim thi
knesses at the

two opposite ends of the major and minor axis, respe
tively.
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9.4 Comparison between plasma and serum
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Lady’s Finger Asymmetry at the Median of Aspect Ratio

Figure S18: Distributions of the ratio of values obtained for serum suspension and plasma suspension.

Plot 1�6: the medians of the respe
tive distributions. Plot 7: <LFA>.
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10 Thermal e�e
ts

10.1 Lateral di�usion

After 
olle
tion of the images of donor 4, a movie was taken at low light level with 1 frame/s with the

same preparation. A movie (Supplementary Materials, Movie 2) shows a 
lipping with three 
ells. The

movie is speeded up 25 times. Figure S19 shows the random walks of these three 
ells during 14.8min.

The rotational di�usion is shown in another experiment lasting 5.1 s (Figure 11a). The results show that

RBCs suspended in plasma do not adhere to glass.
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Figure S19: Random walks of three RBCs in plasma lasting 14.8min. The beginning of ea
h random walk

is indi
ated by a green 
ir
le, the end by a red 
ir
le. The size of the 
ir
les 
orresponds approximately to

the size of the RBCs.

10.2 Camera noise and �i
kering

A suspension of RBCs in plasma was �lmed with 400 frames/s for about 5 s. A 
lipping of a single RBC

was evaluated in the same way as all red 
ells in this study. Figure S20 shows the time dependen
e of the

GV of the four rim positions and the two dimple values.
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Figure S20: Time series of GVs taken from a movie taken with 400 frames/s.
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11 E�e
ts of gravity

Distortions due to gravity of the shape of phospholipid vesi
les resting on a solid surfa
e have been studied

theoreti
ally [3℄. In the absen
e of adhesion, a 
riti
al number g ≃ 0.45 was provided separating two

regimes (i) g < 0.45 resulting in a point 
onta
t, i.e. no distortion and (ii) 
onta
t of an area>0 due to

distortion.

g =
g0 ∆ρ R4

0

κ
, (6)

with the gravitational 
onstant g0 = 9.81m/s2, the density di�eren
e between 
ytoplasm of the RBC

and plasma ∆ρ = 0.08 kg/ℓ [4℄, the radius of the vesi
le, here representative for the RBC 
hosen as

R0 = 3 µm, and the bending sti�ness of the vesi
le, here for the RBC 
hosen as κ = 2 · 10−19
J.

Inserting the numbers results in g=0.3. This is a 
onservative estimate sin
e the RBC membrane is

mu
h sti�er than a vesi
le membrane due to its membrane skeleton. The estimate shows that deformations

due to gravity are virtually absent.

12 Design of an average RBC

I admit that I do not have experien
e with in sili
o modeling. Therefore, some of the following suggestions

may be naive.

surfa
e area: A value 
an be adopted from the average of two donors obtained by Gi�ord et al. [5℄. The

value pertaining for RBCs in the middle of their mature life was found as 147.3 µm².

starting 
onditions: A spheri
al triangulated network with bending sti�ness [6, 7℄. The spontaneous


urvature may be zero. Its value is adjusted in a later step. If ne
essary for numeri
al stability, some

shear sti�ness (relaxed in the spheri
al shape) may be added.

volume: Upon redu
tion of the volume, the surfa
e will adopt a bi
on
ave shape [8℄. The �nal redu
ed

volume may be the a

epted value of 0.65.

THR: Its value 
an be adjusted to 0.55 by 
hanging the spontaneous 
urvature. An in
rease of the

spontaneous 
urvature in
reases the THR and vi
e versa. For later use, the axis of symmetry is

taken as the z-axis of a orthogonal 
oordinate system.

LFA: This is the most di�
ult step. The triangles at the maximum rim thi
kness should be displa
ed

in a sinusoidal fashion to obey the value LFA=0.942. A plot of the tangential GVs of the rim (not

shown) gave no eviden
e for a more spe
i�
 fun
tion than a sine.

aspe
t ratio: All vertex points of the triangulated network should be moved proportional in x and y to

a
hieve an aspe
t ratio of 1.07.

tuning: If the �nal surfa
e area di�ers from the starting value, go ba
k to step "surfa
e area" and in
rease

or de
rease the value appropriately. Alternatively, the values of the major and minor axes 
ould be

made to agree with the values 8.38µm and 7.83µm found here for n=8.
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