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Supporting Information Text14

S1. Methods - Details on the simulation method15

A. Combined lattice-Boltzmann/immersed boundary method for active membranes. For the numerical investigation of blood16

platelet biogenesis we use a combined lattice-Boltzmann/immersed boundary method for active elastic membranes suspended17

in a 3D Newtonian fluid. We refer to our recent publication (3) for a detailed description of the algorithm. For extensive18

validation in case of active membranes as well as passive membrane we refer to ref. (3) and refs. (4, 5), respectively.19

The dynamics of the suspending fluid is calculated on an Eulerian 3D grid by the mesoscopic lattice-Boltzmann method20

(6–8). Simulations are performed using the lattice-Boltzmann implementation in the software package ESPResSo (9–12) with21

the D3Q19 lattice-Boltzmann velocity set. A typical fluid mesh, as e.g. for the system shown in figure 3 a) of the main22

text, has dimensions of 720 × 100 × 40. The time step is about 5 × 10−9 s and a typical total simulation time is 0.04 s. We23

assign to the suspending fluid a density of 1 × 103 kg/m3 and a viscosity of 1.2 × 10−3 Pas, values resembling the properties of24

the in vivo environment of platelet formation, the blood plasma. Our LBM implementation furthermore allows for thermal25

fluctuations of the suspending fluid associated with a given temperature. In direction with no wall present, we use periodic26

boundary conditions. Walls are realized by the bounce back boundary condition. In the system shown in figure 3 a) we27

consider a channel with a height of 98 grid cells and apply a constant body force which corresponds to a pressure gradient28

driving Poiseuille flow. Velocities given in the text correspond to the maximum velocity of the corresponding flow profile. In29

figure 5 we apply a constant velocity to all fluid nodes surrounding the pillar, which leads to a homogeneous flow field. In figure30

S2 we apply a tangential velocity to the upper wall while the bottom remains steady. This leads to a pure linear shear flow.31

The proplatelet membrane is discretized by nodes, which are separated by about one lattice-Boltzmann grid cell and32

connected to triangles. The resulting membrane mesh represents a Lagrangian grid immersed into the Eulerian fluid grid.33

Coupling of the membrane nodes to the fluid consists of the transmission of elastic membrane forces to the surrounding fluid34

nodes and advection of the membrane nodes with local fluid velocity (immersed boundary method (13–15)). In both cases an35

interpolation between membrane and fluid mesh is performed using an eight point stencil. A typical proplatelet membrane36

mesh consists of 22741 nodes and 45440 triangles and has a radius of approximately 6.25 LBM grid cells. If not stated explicitly37

the viscosity contrast of the fluid inside and outside the proplatelet is one. On its left hand side the proplatelet is fixed to38

a solid wall which mimics the fixed megakaryocyte in vivo or in experiments as illustrated in figure 1 a) of the main text.39

Fixation is done by an overlap of the last ring of the mesh with the solid boundary. As a consequence no fluid can enter/leave40

the proplatelet shaft. The terminal ring of nodes thus does not experience fluid forces and remains fixed. For stability reasons,41

in the last ring of nodes the calculation of active forces as well as bending forces is omitted.42

The proplatelet membrane is attributed with different elastic properties. Shear elasticity associated with the cytoskeletal43

network underlining the plasma membrane is considered using the Skalak model (16, 17). We use the shear elasticity typical44

for red blood cell membranes κS = 5 × 10−6 N/m with C = 100 (18). Bending elasticity is modeled using Helfrich law (18–20)45

with a bending elasticity of κB = 2 × 10−19 Nm and realized by the algorithm denoted B in ref. (19). Activity of motor46

proteins walking on the cytoskeletal filaments is incorporated by actomyosin contractility as detailed in ref. (3).47
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Fig. S1. Analysis of swelling formation. a) Kymograph showing the swelling formation along the shaft of a proplatelet. We track the position of the individual swellings
indicated by the red to yellow lines in the kymograph. Out of the kymograph the local proplatelet radius over time is extracted leading to the profiles shown in figure b). Onset
and duration of swelling formation are determined by the time step at which the deformation exceeds two percent of the initial radius (light green lines) and the time step at
which the radius reaches a plateau (dark green lines).

B. Simulation analysis. Kymograph In order to visualize and analyze the temporal evolution of swelling formation we show48

kymographs of the proplatelet as e.g. in figure 2 d) or for an initial phase in figure S1 a). For the kymograph we analyze49

the local radius of the proplatelet depending on the position along the proplatelet axis. For this, we divide the nodes of the50

proplatelet mesh into bins along the proplatelet axis. In each bin, we first calculate the radial center-of-mass position and then51

determine the average radius over all nodes in the bin. With this we determine the radius depending on axial position for52
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each time step. For the kymograph we then plot the axial position on the abscissa and the time on the ordinate with time53

increasing downwards. Each point in the plot is colored according to the local radius at a given time.54

Instability analysis In order to investigate the dynamics of swelling formation further we analyze the time course of swelling55

formation based on the kymograph. As shown in figure S1 a) each developing swelling manifests itself in a broad band with56

increased radius clearly separated from neighboring developing swellings. To analyze these dynamics we follow each developing57

swelling over time. We start from the initial configuration (dots at the top of figure S1 a)) and follow each maximum developing58

at the center of each swelling (red to yellow lines). As end point (dots at the bottom of figure S1 a)) we choose the time step59

when the local radius reaches a constant plateau. Taking the local radius from the kymograph for each point along the lines60

gives the time course of the local radius as shown in figure S1 b). Figure S1 b) clearly shows that swelling formation starts61

from a constant radius for all swellings and in the end terminates with a plateau.62

From figure S1 b) we can furthermore calculate the onset time and the total duration of the instability. As onset we denote63

the time step at which the radius exceeds a deformation of two percent of the initial radius. Onsets for the different swellings64

are indicated by lines in light green in figure S1. As the end of the formation, we determine the time when the deformation65

reaches a plateau, as indicated by the dark green lines in figure S1. The time difference between these two stages gives the66

duration of the formation.67

Platelet-sized swelling volume For each simulation we first determine the time of completed swelling development, as68

described above. At this time step, we calculate the volume of each swelling. This is done by considering just the swelling,69

where we have to close the membrane by triangles perpendicular to the proplatelet shaft. For the now closed platelet-like70

particle we can calculate the volume as described in reference (21). For each simulation we then filter for larger fragments,71

preplatelets, which form by swelling fusion. Eventually, we can calculate the average volume of all formed platelet-like particles.72
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S2. Varying flow geometries73

A. Pure shear flow. p74
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Fig. S2. Swelling fusion in shear flow. a) A proplatelet with the same properties as in the main text is immersed in a shear flow confined between two flat walls with velocity
v = 2 mm/s. b), c) Simulation snapshots show the biological Rayleigh-Plateau instability and swelling fusion. The entire process is shown in Supplemental Video S3. d)
Kymograph showing the dynamics of swelling formation and swelling movement along the shaft followed by several fusion events.
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Fig. S3. Platelet biogenesis in shear flow. Time dependent formation process for a) first, b) second, c) third, and d) fourth swelling. The curves for different velocities are
less broadly distributed, the formation process does not shift towards earlier times as strongly as it does in homogeneous flow. Systematic variation of the external flow velocity
shows a nearly constant volume e) and a non-monotonous, less pronounced acceleration based on duration of swelling formation f).
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B. Platelet biogenesis in a narrow blood vessel. p75

a) v

b)

c)

d)
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c)

Fig. S4. Platelet biogenesis in a narrow blood vessel. a) A proplatelet with the same properties as in the main text is confined within a cylindrical channel with a diameter
of 9 µm which corresponds to three times the proplatelet diameter. b) Under the action of the flow the proplatelet is extended and c) forms swellings via a biological
Rayleigh-Plateau instability. The entire process is shown in Supplemental Video S5. d) Kymograph showing the dynamics of swelling formation.
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Fig. S5. Acceleration of platelet biogenesis in a narrow blood vessel. Time dependent formation process for a) first, b) second, c) third, and d) fourth swelling. The
formation process shifts towards earlier times and time courses become steeper with increasing velocity. Systematic variation of the external flow velocity shows a nearly
constant volume e) and systematic acceleration based on the duration of swelling formation f).
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C. Additional data for homogeneous flow. p76
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Fig. S6. Swelling formation in homogeneous flow. a) Kymograph corresponding to figure 5 of the manuscript shows the dynamics of swelling formation and swelling
movement along the proplatelet shaft at uniform distances. b) - d) Time dependent formation process of the swellings. With increasing velocity the formation shifts towards
shorter times and the slope of the curves becomes steeper. e) The volume stays constant over the whole range of velocities.
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S3. Results for isotropic contractility77

a)
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Fig. S7. Proplatelet fragmentation by a biological Rayleigh-Plateau instability for isotropic contractility without flow. a), b), c) the proplatelet undergoes a biological
Rayleigh-Plateau instability and develops periodic swellings with a wavelength λ approximately satisfying the classical Rayleigh-Plateau criterion 2πR0/λ ≈ 0.69. d) A
kymograph illustrates the dynamics of swelling formation with the color coding for the local proplatelet radius. Time steps for the corresponding proplatelet shapes in figures a) -
c) are indicated by the orange lines. Corresponding results for anisotropic contractility are shown in figure 2 of the manuscript.
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Fig. S8. Blood platelet biogenesis for isotropic contractility in Poiseuille flow. Blood platelet biogenesis in a channel with a parabolic Poiseuille flow with maximum
velocity of v = 5 mm/s. a) A proplatelet is subject to an external Poiseuille flow confined between two walls. Due to the action of the flow the proplatelet extends b), swellings
form, and the final platelet-sized swellings move at non-uniform distance along the proplatelet shaft c). d) The corresponding kymograph shows the dynamics of swelling
formation and the motion of the final swellings. Two initially separated platelet-sized swellings fuse at around 10 ms. e), f), g), h) Time course of platelet-sized swelling formation
in Poiseuille flow for e) first, f) second, g) third, and h) fourth swelling at varying external flow velocity. i) Swelling volume stays nearly constant over the whole range of velocities.
j) With increasing flow velocity the duration time of the biological Rayleigh-Plateau instability / of swelling formation strongly accelerates. Corresponding results for anisotropic
contractility are shown in figure 3 and 4 of the manuscript.

8 of 17 Christian Bächer, Markus Bender and Stephan Gekle



a)
v

b)

c)

d)

a)

b)

c)

e)

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 0  5  10  15  20  25  30

ra
di

us
 in

 µ
m

time in ms

 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5

ve
lo

ci
ty

 in
 m

m
/s

f)

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 0  5  10  15  20  25  30

ra
di

us
 in

 µ
m

time in ms

 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5

ve
lo

ci
ty

 in
 m

m
/s

g)

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 0  5  10  15  20  25  30

ra
di

us
 in

 µ
m

time in ms

 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5

ve
lo

ci
ty

 in
 m

m
/s

h)

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  1  2  3  4  5

vo
lu

m
e 

in
 µ

m
3

velocity in mm/s

i)

 4

 6

 8

 10

 12

 14

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5

tim
e 

in
 m

s

velocity in mm/s

platelet-sized swelling 1
platelet-sized swelling 2
platelet-sized swelling 3

Fig. S9. Blood platelet biogenesis for isotropic contractility in homogeneous flow. Swelling formation in homogeneous flow with v = 2.0 mm/s. a) A proplatelet is
immersed in a homogeneous flow and attached to a wall on the left hand side. b), c) The proplatelet undergoes a biological Rayleigh-Plateau instability while being extended by
the homogeneous flow. d) Kymograph showing the dynamics of swelling formation and swelling movement along the proplatelet shaft at uniform distances. e), f), g) Time
dependent formation process for e) first, f) second, and g) third swelling. With increasing velocity the formation shifts towards shorter times and the slope of the curves becomes
steeper. No fusion events are visible. Systematic variation of the external flow velocity hardly affects the swelling volume h), but shows a strong acceleration of the duration of
swelling formation i). Corresponding results for anisotropic contractility are shown in figure 5 of the manuscript and figure S6.
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Fig. S10. Platelet biogenesis for isotropic contractility in shear flow. a) A proplatelet is immersed in a shear flow confined between two flat walls with velocity v = 9 mm/s.
b), c) Simulation snapshots show the biological Rayleigh-Plateau instability and swelling fusion. d) Kymograph showing the dynamics of swelling formation and swelling
movement along the shaft followed by fusion events at the first swelling and at the tip. e), f), g) h), Time dependent formation process for e) first, f) second, g) third, and h) fourth
swelling. The curves for different velocities are less broadly distributed, the formation process does not shift towards earlier times as strongly as it does in homogeneous flow.
Systematic variation of the external flow velocity shows a nearly constant volume e) and a non-monotonous, less pronounced acceleration based on duration of swelling
formation f). Corresponding results for anisotropic contractility are shown in figure S2 and S3.
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S4. Robustness against parameter variations78
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Fig. S11. Magnitude of actomyosin contractility. Towards smaller contractility an exponential increase in onset and duration is observed for a periodic cylindrical membrane.
The instability wavelength however does not change with varying contractility.
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Fig. S12. Fluctuations do not influence instability dynamics. a) Onset time depending on the flow velocity of a homogeneous flow without (dots) and with (triangles)
thermal fluctuations. b) For given velocity the temperature is systematically varied. c) Duration time depending on the flow velocity of a homogeneous flow without (dots) and
with (triangles) thermal fluctuations. d) For given velocity the temperature is systematically varied. In total, the instability dynamics is not influenced in presence of thermal
fluctuations. This can be explained by the initial proplatelet shape not being an unstable fix point, but proplatelet dynamics directly sets in.
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a) ηin/ηout = 1, v ≈ 0.13 mm/s

b) ηin/ηout = 5, v ≈ 0.13 mm/s

c) ηin/ηout = 1, v ≈ 0.5 mm/s

d) ηin/ηout = 5, v ≈ 0.5 mm/s

e)

 5

 10

 15

 20

 25

 30

 35

 40

 45

 0  0.1  0.2  0.3  0.4  0.5

du
ra

tio
n 

in
 m

s

velocity in mm/s

ηin / ηout = 1 platelet 1
ηin / ηout = 1 platelet 2
ηin / ηout = 5 platelet 1
ηin / ηout = 5 platelet 2

Fig. S13. Viscosity contrast increases instability duration. We compare swelling formation for isotropic actomyosin contractility in homogeneous flow at viscosity contrast
of one at intermediate (a) and high (c) velocity to swelling formation at viscosity contrast of five in b) and d) for the same two velocities. Snapshots are shown at same time
steps and thus comparison shows that swelling formation is slower for increased viscosity contrast. e) Quantitative comparison confirms that duration increases for higher
viscosity contrast.
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Fig. S14. Influence of shear elasticity. Comparison of simulations with two values of the shear elasticity: kS = 5 · 10−6N/m (as in the main text) and kS = 2.5 · 10−6N/m.
Curves show the dynamic formation over time of platelet-sized swelling one (violet), two (green), three (blue), four (orange). Simulations are carried out for a) a small velocity
v = 0.167 mm/s and b) a larger velocity v = 1.67 mm/s. Except for a slight difference in the proplatelet height, which is due to stronger relative contraction driven by
actomyosin contractility, the formation process is not influenced.

Fig. S15. Influence of the initial proplatelet angle in Poiseuille flow. Corresponding shapes for two different initial angles (different colors) are shown at the beginning and
at one fixed time point in transparent and solid color, respectively. The less tilted proplatelet is stretched more strongly, but the overall behavior (number and size of swellings)
remains the same.

a)

b)

Fig. S16. Varying proplatelet length in simulation. a) A shorter and b) a longer proplatelet undergoing a biological Rayleigh-Plateau instability is simulated with a length 65
and 97 times the radius, respectively. The size of the swellings formed is the same in both simulations, we find a ratio 2π

λ R0 of 0.63 in a) and of 0.65 in b) together with a
value of 0.66 for figure S7, which matches the result expected from the classical Rayleigh-Plateau theory 0.69 very well (22).
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Fig. S17. Instability onset. Onset time of the instability depending on the flow velocity of a) Poiseuille flow, b) homogeneous flow, and c) shear flow. The instability onset can
shift to earlier times, which is especially pronounced in the homogeneous flow in b).
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Fig. S18. Onset criterion of 5%. Considering a deformation of 5% of the initial proplatelet radius as criterion for instability onset does not affect the results in the manuscript
for a criterion of 2%. In figure a) and b) we show the onset and duration for Poiseuille flow, as done in figure 4 of the manuscript. In figure c) and d) we show the onset and
duration for homogeneous flow, as done in figure 5 of the manuscript. In figure e) and f) we show the onset and duration for shear flow, as done in figure S3. Onset shifts to
longer times due to the larger deformation to be reached and duration reduces because of the reduced difference in time between onset and reaching a plateau. However, the
dependency on flow velocity does not change.
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S5. Fragmentation of released preplatelet79

Fig. S19. Transition of a free, extended preplatelet. An already extended preplatelet undergoes a biological Rayleigh-Plateau instability and fragments into two separate
platelets.

S6. Additional experimental data80

Fig. S20. Detailed time series of swelling formation observed in experiment. Images are taken every every five seconds, shown from left to right and from top to bottom,
and image width corresponds to 137.5 µm. The initial extended proplatelet is shown in the top left corner and the eventual proplatelet with swellings formed in the bottom right
corner.

10 µm

proplatelet
w. swellings

megakaryocyte

v

Fig. S21. Periodic arrangement of the Megakaryocytes. Megakaryocytes are trapped in the bottom part of a microfluidic bioreactor in periodically arranged gaps. The left
megakaryocyte extends a proplatelet, which forms periodic swellings. Fluid flows with a maximum velocity of 2.2 mm/s and the complete width of the experimental image is
100.81 µm.
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Movie S1. Proplatelet undergoing a biological Rayleigh-Plateau instability in a quiescent fluid. Movie81

corresponding to figure 2 of the manuscript.82

Movie S2. Proplatelet undergoing a biological Rayleigh-Plateau instability in a parabolic Poiseuille flow83

with maximum velocity of v = 3.33 mm/s. Movie corresponding to figure 3 of the manuscript.84

Movie S3. Proplatelet undergoing a biological Rayleigh-Plateau instability in a shear flow with velocity85

v = 2.0 mm/s. Movie corresponding to figure S2.86

Movie S4. Proplatelet undergoing a biological Rayleigh-Plateau instability in a homogeneous flow with87

constant velocity v = 2.0 mm/s. Movie corresponding to figure 5 of the manuscript and figure S6.88

Movie S5. Proplatelet undergoing a biological Rayleigh-Plateau instability in a narrow blood vessel with a89

maximum velocity of v = 2.0 mm/s. Movie corresponding to figure S4 and S5.90
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