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Different approaches are being developed to efficiently produce in vitro platelets from cultured 
megakaryocytes to meet the constant demand of platelet transfusion and serve for research purposes. 
Recent works have shown that turbulence and periodic stress can significantly enhance platelet yield. 
Here we have developed and characterized a platelet production device that takes in account these 
properties. This device is based on the Taylor-Couette reactor in which a suspension is confined and 
sheared between two concentric cylinders. We have demonstrated that such a system allows obtaining 
high number of in vitro platelets per megakaryocyte with native-like morphology and functional 
properties. Using the combination of in silico and in vitro techniques, we claimed that overall turbulent 
conditions are not sufficient for efficient platelet release, and highlighted the importance of the 
uniform impact of flow on each megakaryocyte, a property that must be taken into account along 
with general flow characteristics when designing platelet release bioreactors. In addition, we have 
demonstrated that our system can be scaled up to large volumes without loss of efficiency, a significant 
advantage for the industrialization of platelet culture. In conclusion, we have developed a platelet 
production device with a predictable and highly precise effect on each megakaryocyte.
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Blood platelets are indispensable cell fragments crucial for hemostasis. Following vascular injury, they adhere, 
become activated, and aggregate to stop the bleeding1. Dysregulation of platelet count or function, attributed to 
various disorders or treatments significantly elevates the risk of thrombotic and/or bleeding events2–4. In such 
cases, transfusion of platelet concentrates (PCs), sourced from healthy donors, serves as the cornerstone for 
restoring hemostasis by supplying functional platelets5,6.

The growing significance of in vitro platelet production is explained by escalating logistical demands 
associated with PCs. This stems from demographic shifts towards an aging population, compounded by the 
limited shelf life of PCs, and the expanding frontier of personalized medicine necessitating immunocompatible 
platelet transfusions. On an industrial scale, despite the availability of immortalized cell lines facilitating rapid 
and on demand platelet production7, optimizing platelet release efficiency within bioreactors remains a key 
challenge. Tackling this challenge would not only streamline production methods but would also promise a 
reduction in production costs.

In vivo platelets are generated by the megakaryocytes (MKs), the largest cells residing in the bone marrow, 
and their formation results from a unique mechanism within the bloodstream. Once mature, MKs are anchored 
to sinusoidal vessels, where they extend cytoplasmic extensions called proplatelets. These proplatelets are 
subsequently released and remodeled by the shear forces inside the circulation culminating in the formation of 
bona fide platelets8,9. Each MK is capable of producing between 800 and 3,000 platelets10. Platelet release occurs 
mainly in the sinusoids of the bone marrow and to some extent in the pulmonary microcirculation11. While 
platelet release in vivo is attributed to complex interactions between proplatelets and blood stream still under 
study7,12, recent results have shown that in vitro the most efficient platelet productions can be attributed to high 
shear stresses, unsteady flows and turbulent flow dynamics7,13. Here, mature cultured MKs in suspension are 
processed in either batch or continuous mode in systems generating complex flow conditions.

In our pursuit of improving platelet production, we have developed a new platelet producing device capable 
of creating controlled turbulent flows. Central to our approach is the utilization of a Taylor-Couette (TC) 
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model that consists of two concentric cylinders capable of independent rotation (see14 for review). The use 
of such a bioreactor was motivated by several compelling factors. Firstly, this system has a well-established 
characterization and offers a wide range of flow regimes, including laminar, spiral, turbulent featureless and 
turbulent roll-like15,16. The latter attracted our interest because of the known importance of turbulent conditions 
in platelet production7,13. Secondly, its design allows for seamless scalability while maintaining the regime 
and flow parameters, saving valuable development time and resources. This inherent flexibility allows for the 
maintenance of a desired flow regime across a broad range of volumes, rendering our system highly appealing 
for platelet release applications in both research and industrial settings.

In this study, we demonstrate that the Taylor-Couette reactor tailored for platelet production yields platelets 
with morphology and functionality similar to their native counterparts. Furthermore, our computational 
analysis on a single cell level highlights the importance of uniform impact on individual megakaryocytes within 
the flow. We show that the system, where flow affects different MK with high variability is less efficient, that the 
uniform one, despite both having similar overall turbulent conditions.

Results
Taylor-Couette system produces native-like platelets
To address the challenges of large-scale platelet production, our aim was to develop a system capable of 
facilitating efficient platelet release, adaptable to industrial volume requirements. For this purpose, we opted for 
a Taylor-Couette system, renowned in fluid mechanics for its ability to generate a diverse range of controllable 
flow regimes. In such a system, a flow takes place between two coaxial cylinders, each capable of independent 
rotation, with controllable parameters including the Reynolds number (Re), the cylinder radii ratio (η), the gap 
width (d), the aspect ratio (height/gap) (Γ), and the direction and rotational speed of each cylinder14,17,18. In this 
study, we have self-designed and fabricated a TC system as shown in Fig. 1a, with rotors driven by an external 
control system enabling independent motor control up to 2,000 RPM. In our setting, we have fixed a gap width 
(d) of 3 mm, an aspect ratio (Γ) of 20, cylinder radii ratio (η) of 0.79 and a total system volume (V) of 14.7 mL 
(Fig. 1a). The dynamic viscosity (µ) of the cultured media is 1.2 cP. For the efficient platelet production we used 
an operational modality of only inner cylinder rotation (referred as “ICR”) with rotational speed set to 1,500 
RPM to reach a differential Reynolds number (Re)19 of 5,000 and processing time of 30 min. This configuration 
allowed to produce 79 ± 19 (mean ± SD, n = 3) TC-derived platelets/MK, which is significantly higher (p = 0.027) 
than the platelet yield obtained under static conditions (5 ± 2 plts/MK) (Fig. 1b). We then investigated the quality 
of TC-derived platelets in terms of morphology, content of granules, expression of several major glycoproteins 
(GPs) and functionality. Transmission electron microscopy (TEM) analysis revealed that TC-derived platelets 
exhibited ultrastructural features consistent with donor platelets, including a discoid shape supported by a 
ring of microtubules and the presence of typical platelet organelles i.e. mitochondria, α and δ granules. The 
open canalicular system (OCS) was also observed (Fig. 1c). Interestingly, while cultured platelets are classically 
described as being at least twice as larger as native platelets, TC-derived platelets exhibited a diameter close 
to that of native platelets (3.4 ± 0.4  μm) (Fig.  1d, Supplementary Fig. S1). Importantly TC-derived platelets 
still expressed high levels of GPIbα, GPIX and GPVI (Fig. 1e) without the addition of an ADAM-17 inhibitor 
(KP-457) to the medium. Shedding of these GPs due to ADAM-17 secretion seems to be significantly lower 
compared to classical platelet delivery methods, where shedding achieves 50% 20. TC-derived platelets were 
also highly functional as detected by combination of activation-specific antibodies. PAC1 revealed the activated 
conformation of integrin αIIbβ3 and an anti-P-selectin (P-sel) antibody attested the secretion of alpha granules 
after activation. In the resting state, platelets showed no activation markers, with only 0.9% of platelets positive 
for both PAC1 and P-sel. In response to a combination of TRAP and CRP or CRP alone, platelets showed a 
strong capacity for activation, with 28% and 23% of platelets becoming positive for PAC-1 and P-sel, respectively 
(Fig. 1f).

TC-derived platelets showed comparable degree of adhesion on fibrinogen (Fg) surface with or without 
additional stimulation by 1U/mL of thrombin (Thr) (Fig. 1g). 72% TC-derived plts vs. 70% WP (Fg alone) and 
83% TC-derived plts vs. 98% WP (Fg + Thr) showed spreading capacity (n = 3).

In vivo recirculation of TC-derived platelets in immunodeficient mice was highly efficient after transfusion. 
Indeed, we have shown a transient increase in platelet count between 15 and 240 min of recirculation followed by 
their removal similar to native platelets, resulting in an even longer half-life than platelets derived from platelet 
concentrates (48 h vs. 4 h, TC-derived platelets vs. native, respectively) (Fig. 1h).

Red blood cells do not affect TC-derived platelet production
Red blood cells (RBCs) are abundant in blood vessels. Typically, they concentrate near the center of the vessel, 
displacing platelets and leukocytes towards the wall, thus creating a RBC-depleted cell free layer (CFL)21. 
However, in microvessels, such as those found in the bone marrow, where the majority of platelets are produced, 
the CFL decreases, resulting in increased interaction between RBCs and the vessel wall22. This observation 
prompted us to hypothesize that RBCs could play an active role in platelet formation by colliding with proplatelet 
extensions and thus facilitate platelet formation. We tested this hypothesis in our system by introducing RBCs 
at a hematocrit (Ht) of 2%, corresponding to a ratio of 6,000 RBCs to one proplatelet-bearing MK (Fig. 2a). This 
Ht was carefully selected to avoid altering the system’s viscosity and flow conditions23. Despite the addition of 
RBCs, the resulting platelet production in our system remained largely unaffected (Fig. 2b), showing that RBCs 
interaction with proplatelet extensions in our system did not affect overall platelet production.

Turbulent conditions are not sufficient for effective platelet release
Turbulent kinetic energy and shear stress are thought to play significant roles in platelet yield in turbulent 
systems7,13. However, whether optimal values of these parameters alone are sufficient for effective platelet 
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production remains unanswered. For this purpose, we compared two distinct operational modalities: “ICR” 
and another with inner and outer cylinders in counter rotation with equal angular velocity (referred as “CCR”) 
(Fig. 2c). Rotational speed in the “CCR” setting was adjusted to have an equal Reynolds number as in the “ICR” 
setting. Computational fluid dynamics (CFD) showed that general flow parameters, such as turbulent kinetic 
energy (TKE), Kolmogorov scale (KS) and shear stress (SS) were similarly distributed, as indicated by median 
values along the volume and interquartile range (IQR) (Table 1).

Fig. 1.  Characteristics of Taylor-Couette-derived platelets. a Scheme of the designed Taylor-Couette (TC) 
system with only inner cylinder rotation. Radial-axial view depicts roll-like flow behavior. b Platelet yields 
under static conditions and after 30 min processing. c Representative transmission electron microscopy 
image (TEM). d Confocal microscopy images of megakaryocytes and platelets before and after liberation by 
TC system. e Glycoprotein expression on the surface of TC-derived platelets. (n = 3). f PAC-1 binding and 
P-selectin exposure of TC-derived platelets in resting state and after activation by the combination of CRP and 
TRAP6. g Static adhesion of TC-derived platelets on fibrinogen matrix with or without addition of 1U/mL 
Thrombin. Resting platelets immobilized on poly-L-lysine are shown on the left. h Platelet recirculation in a 
mouse model (n = 3).
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Fig. 2.  Platelet production in altered conditions. a Scheme of the possible role of red blood cells (RBCs) 
on platelet liberation. b Comparison of platelet yields with or without the presence of RBCs. c Scheme of 
Taylor-Couette system with counter-rotation of inner and outer cylinders (“CCR”). ω – angular velocity. 
d CFD analysis of the Turbulent kinetic energy (TKE) and Velocity fields in the “ICR” and “CCR” systems 
e Comparison of platelet yields obtained in different systems. Paired t-test. p = 0.0312 f Flow-cytometry 
evaluation of the activation capacity of platelets derived from the two systems.
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Although both operational modalities result in flow similarity (identical geometry and Reynolds number) 
flow patterns are known to differ16. Notably, our observations revealed contrasting TKE and velocity profiles in 
the radial-axial plane. In the “ICR” system, a periodic pattern was observed along the height, characterized by 
alternating high and low values (Fig. 2d, “ICR”). This pattern generated a symmetric velocity profile over the 
gap that is a unique feature of this modality. Conversely, the “CCR” system exhibited less distinctive behavior 
(Fig. 2d,”CCR”). This is additionally demonstrated by the λ2 criterion that is used to identify vortices in the 
velocity field (Supplementary Fig. S2).

As expected, because of overall turbulent conditions the “CCR” setting improved the platelet yield per MK 
compared to static condition, but this yield was lower than with the “ICR” modality (Fig. 2e). Furthermore, we 
observed that platelets released by both modalities exhibited a similar 35-fold increase in activation capacity 
compared to unstimulated conditions (Fig. 2f). These findings highlight the complex interplay between flow 
pattern and platelet production, emphasizing the need for a comprehensive understanding of governing 
parameters when designing platelet release devices.

Increased platelet yield is a consequence of a uniform impact on all cells
To try to elucidate the mechanisms sustaining the increased platelet production in the “ICR” vs. “CCR” 
operational modalities, we analyzed the behavior of individual MK, by simulating the trajectories of 1,000 
randomly placed spheroid particles in the radial-axial plane (Fig. 3a). Interestingly, despite turbulence, the flow 
structure in the “ICR” modality created recirculation zones, trapping particles in established circular trajectories 
(Fig. 3b, “ICR”). To estimate the characteristic time associated with this behavior, we calculated the mean time 
required for a particle to traverse from the near wall region (500 μm) of one cylinder to the near wall region of 
the other and back. Although this estimation likely underestimates the actual period, it allowed us to compare 
disturbed trajectories.

For the “ICR”, we observed a mean characteristic time of T = 0.18  s, with 88% of trajectories exhibiting 
periodic behavior (Table 1; Fig. 3c). Notably, the characteristic time has a narrow-banded distribution, depicting 
the uniformity among all the particles. Such behavior directly influenced the impact of the turbulent flow, as 
indicated by defined mean impact of TKE (Fig. 3c). Interestingly, established circular trajectories lead to periodic 
impact of TKE at a single particle level over large periods of time (Representative behavior on Fig. 3d, blue 
graph), which may also contribute to platelet production.

The same particle tracking analysis was performed on the “CCR” modality. In contrast, the trajectories in 
this modality appeared less coherent with particles less prone to keep trapped in recirculating zones (Fig. 3b, 
“CCR”, Supplementary Fig. S3). Although our method of calculation of characteristic time was aimed to evaluate 
the behavior in the “ICR” modality, this approach illustrated disordered behavior in the “CCR”. Here particles 
exhibit a much broader distribution with a mean characteristic time T = 0.48 s (Fig. 3c). This may be caused 
by higher contribution of turbulent fluctuations compared to the mean flow (Fig. 2d). Despite having similar 
median TKE levels along the geometry (Table 1), real influence of turbulent flow on particles seems to vary 
drastically (Table 1; Fig. 3c), with only 18% of particles subjected to TKE levels comparable to the “ICR” modality 
(Fig. 3c, population with TKE > 0.010 m²/s²). Impact of TKE on a single particle did not demonstrate periodic 
behavior (Fig. 3d).

The advantage of the “ICR” modality is that Taylor-Couette system can be easily scaled up by enlarging the 
radius while maintaining the same flow regime24. A scaled up (d = 3 mm, V = 30mL, Re = 5,300) TC geometry 
with “ICR” modality provided a similar platelet yield level as the initial system (Supplementary Fig. S4a). We 
did not notice changes in particle motion and flow conditions compared to the unscaled system (Table  1, 
Supplementary Fig. S4b-d), supporting the ability to scale up our device to the desired volumes.

Discussion
In this study, we showed the importance of considering single cell dynamics in the process of designing platelet-
release devices and not relying only on general turbulent conditions. The well-defined and predictable impact on 
each cell in our system allowed us to obtain high platelet yields.

NAME

ICR CCR Scaled-up ICR

IQR MEDIAN IQR MEDIAN IQR MEDIAN

General flow parameters

Reynolds number 5,300 5,300 5,300

Turbulent kinetic energy, m²/s² 0.011 0.019 0.012 0.012 0.004 0.016

Kolmogorov scale, µm 13.5 27.5 13.6 35.4 5.5 36.4

Shear stress, Pa 5.3 18.8 6.0 12.7 3.7 15.4

Particle tracking (mean values of 1000 particles)

Periodic behaviour, % of all 88% N/A 99%

Characteristic time, s 0.18 N/A 0.24

Turbulent kinetic energy, m²/s² 0.019 0.002 0.018

Table 1.  Physical parameters for different Taylor-Couette systems IQR-interquartile range, N/A – not 
applicable.
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Fig. 3.  Particle tracking analysis for “ICR” and “CCR” systems. a Scheme of possible impacts on a particle 
along its trajectory. b Representative particle trajectories (n = 4) in radial-axial view and close up of one 
trajectory. c Distribution of characteristic time and Turbulent kinetic energy (TKE) values for “CCR” and 
“ICR” systems. Particles, not showing periodic behavior, were excluded from the “Characteristic time” 
histogram. d The impact of TKE on a single particle along the trajectory for “ICR” (blue) and “CCR” (orange).
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Here we introduced a Taylor-Couette-based bioreactor optimized for platelet production that demonstrated 
good efficiency in producing bona fide and functional platelets. Our experimental results showed that platelets 
produced in this new system retained a native-type morphology, expressed standard levels of glycoproteins and 
exhibited robust activation capabilities, despite a slight levels of preactivation (< 2% PAC-1/P-Sel+) that remains 
within the norm of other groups7,25. To date, no group has been able to produce platelets in a perfectly inactive 
state presumably relate to the absence of endothelial cell products such as NO and PGI2, which are normally 
present in vivo and reduce platelet activation. These platelets showed a prolonged recirculation time in a mouse 
model, exceeding that of donor-derived platelets. This property has already been well described and has so far 
been linked to their relatively youthful state, characteristics associated with enhanced circulatory persistence 
and functionality13,26,27.

Although the slightly pre-activated state of platelets may raise concerns in the context of clinical applications, 
it is important to note that our group and others7,25 have already published results indicating that cultured 
platelets are capable of limiting blood loss similarly to native platelets. Furthermore, cultured platelets have 
already been successfully tested in a first-in-human clinical trial28. Collectively, these results suggest that despite 
a slight pre-activation state, these platelets are fully functional and can be used for transfusion.

In addition to refining device performance, we investigated potential factors affecting platelet production. 
Specifically, we examined the influence of red blood cells (RBCs) and found that increasing collision rates did 
not significantly improve platelet release under our experimental conditions. This result might be due to the 
comparable mass density between RBCs and megakaryocytes (MKs), resulting in MKs behaving similarly to 
RBCs in our system with low relative velocity between them. Nevertheless, it is crucial to recognize the complex 
dynamics governing MK-RBC interactions in vivo, which cannot be perfectly replicated in our bioreactor setup. 
Further studies involving both in vivo and in vitro systems are essential for a full understanding of the role of 
RBCs in platelet production.

Following our previous study and to optimize the efficiency of platelet production, our system was purposely 
designed to induce turbulence and periodicity. Intensity of turbulence, represented by Turbulent kinetic energy 
(TKE), as well as shear stress values were similar to the VerMES system7. Interestingly, the size of turbulent 
vortices, represented by the Kolmogorov scale (27.5–36.4 μm) in all our systems and modalities was similar to the 
size of MK and lower than the typical length of proplatelet extensions. This matching of characteristic size may 
also facilitate platelet release, although there is nowadays a controversy on the role played by the Kolmogorov 
Scale alone29. Another interesting finding was that the chosen modality leads to periodic impact of TKE on a 
single cell level (Fig. 3d). Our previous study with the “Pipette-mimetic device” (PMD)13 showed the importance 
of periodic loading in the process of in vitro platelet production. Despite different nature, VerMES (reciprocal 
motion), PMD (repeated flow-through system) and our TC bioreactor show periodic behavior, however the 
typical timescale differ (0.18 s, 0.48 s and 1.2 s, correspondingly). This variety of values shows that although there 
is an influence of periodicity on platelet production, the topic has still to be studied.

Taking advantage of different possible flow regimes in Taylor-Couette geometry we compared the modality 
with only inner cylinder rotation “ICR” and two cylinder counter-rotation “CCR”. Although general flow 
conditions were adjusted to be similar (Table 1), platelet yield in the “CCR” modality appeared to be significantly 
lower (Fig. 2e). We demonstrated that simply adjusting macroscopic turbulence parameters was not enough to 
achieve optimal platelet yield and that a detailed analysis of individual cells should now be a major consideration 
(Fig. 3c, d). We speculate that in both systems platelets are released under similar TKE values. The discrepancy 
in platelet yield is explained by the fact that in “ICR” the established recirculating zones act as a trap to maintain 
an optimal turbulent conditions (TKE > 0.10 m²/s²), whereas in “CCR” (Fig. 3c), although vortical structures 
exist, cells are more prone to escape such structures under the turbulent flow condition. This can lead either to 
chaotic behavior with similar mean TKE values or to trapping in zones of low turbulence (Fig. 3, Supplementary 
Fig. S3). As a result, uniform TKE value applied periodically and consistently over a sufficient duration across 
the entire MK population emerged as an essential determinant of the system’s efficiency. This concept is also 
observed in the PMD, however there it is achieved by the flow-through nature of the system. The importance 
of uniform impact was also shown by Okamoto et al.30, illustrating the role of defective turbulent flow space in 
large-scale platelet production.

Establishing the capability of the Taylor-Couette system for scalable platelet production would require larger 
quantities of mature MKs, currently only attainable with the use of immortalized MK lines, a step beyond our 
investigations using MKs derived from peripheral blood CD34 + cells. Nevertheless, our results strongly support 
that efficient proplatelet production will be attainable with all cell lines, since mechanical interaction, but not 
the cytokine production, predominantly drives the conversion of megakaryocytic extensions into platelets (see 
Supplementary Fig. S5). This observation underscores the paramount role of flow in platelet release mechanisms.

Taylor-Couette system has an advantage of straightforward geometrical scalability. In particular, once the 
width of annular gap is established, scaling-up the system by increasing the height does not drastically perturb 
the flow conditions, since only the gap size, viscosity and differential rotational speeds play a major role in 
the device’s behavior. For the chosen “ICR” modality the radius ratio, which is another control parameter for 
the system, also plays a minor role, allowing scalability of the radius, while maintaining the gap width. We 
validated this scalability by adjusting the rotation speed to maintain similar Reynolds numbers; ensuring similar 
flow conditions across different scales (see Supplementary Fig. S4). In order to meet clinical requirements of 
300 billion platelets the following configuration of TC reactor can be used for CD34+-derived MK: Rint=1 m, 
d = 3 mm, height (L) = 1 m and rotational speed of 20 RPM. As for the use with another MK cell lines the size of 
the reactor can be decreased because of the higher initial MK concentration7. This geometric scaling approach 
can be combined with axial flow14,31, as demonstrated in several other application areas. This would create a 
flow-through system and significantly reduce the operational cost.
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In conclusion, our study has introduced a novel and readily available platelet release system characterized by 
its high efficiency and scalability, making it easily adaptable to large-scale production. The design of the system 
ensures the preservation of all established flow properties, including turbulence and, in particular, uniform impact 
on individual megakaryocytes, a critical parameter that should be considered. Our system allows generation of 
a predictable and very precise impact on every MK, and on the other hand makes this impact periodic, which 
may also contribute to platelet production (Fig. 4). This advancement has promising implications for large-scale 
platelet production by enabling sustained high yields while maintaining process uniformity.

Materials and methods
Taylor-Couette (TC) system description
The Taylor-Couette system comprises two coaxial cylinders capable of independent rotation (Fig. 1a). These 
cylinders create an annular gap, which was established at a fixed dimension of d = 3  mm, supported by 
preliminary investigations. The precise rotational speeds employed are detailed in the section titled “Cultured 
platelets release.”

Flow simulations in mathematical models
Flow conditions inside the Taylor-Couette system were determined by computational fluid dynamics (CFD) 
simulations using Fluent 20R2 finite volume software package (ANSYS Inc.). The simulations were performed 
in 3 consecutive steps. The first one consisted in a simple steady 2D axisymmetric turbulent simulation using 
a standard k-epsilon model. The boundary conditions were set in terms of linear velocity based on the radius 
and the angular velocity. During this step, a multizone quad/tri meshing method with inflation was applied to 
the fluid computational domain resulting in a mesh with ~ 59,690 nodes and with the smallest cell size of about 
7 × 10− 5 m in contact with the walls. Computation was automatically stopped when all residuals had converged 
to values below 10− 3. The results were used to initiate the second step consisting in a steady turbulent flow 
simulation using Reynolds stress (7 equations) model, which was implemented using the same mesh, boundary 

Fig. 4.  Platelet release in the Taylor-Couette system at glance. Megakaryocytes get trapped in established 
recirculation zones with low variability between the cells. The periodic impact from turbulent flow facilitates 
platelet liberation from proplatelet extensions.
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conditions and convergence criteria. The final step consisted in increasing the convergence criteria for the same 
computation, which automatically ended when all residuals had reached values below 10− 4.

The numerical simulations of the flow gave access to pressure and velocity at any position/location of the 
computational domain and these values were used to define the local gradient of the velocity tensor and other 
physical quantities of interest.

Particle tracking simulations in mathematical models
To assess the dynamic of MK within the flow, we conducted numerical simulations to track the trajectories of 
cell-like particles. For this purpose, small inert spherical particles with a diameter of 10 μm were employed to 
represent the MK. These particles were subjected to flow dynamics using a Lagrangian 2D unsteady model, 
based on the results obtained from computational fluid dynamics (CFD) simulations. According to the low 
concentration and size of MK particle-particle and particle-walls were neglected. Only non-reciprocal actions of 
particles on the flow were considered, leading to the implementation of a one-way coupling approach. A total of 
1000 trajectories were computed for particles distributed randomly within the flow domain. Subsequently, the 
data pertaining to particle histories were subjected to statistical analysis, focusing on the evaluation of particle 
positions and turbulent kinetic energy distribution throughout the flow domain. The characteristic time was 
analyzed by calculating the time needed for the particle to go from one near-wall region (500 μm) to another 
and back. The choice of near-wall region width was made considering the known trajectory paths and switching 
to 250 μm did not significantly change the results. As each particle can undergo several revolutions throughout 
the simulation time, the median of this characteristic time was considered for each particle. Particles that during 
the whole simulation time did not go from one wall to another and back were considered as not having periodic 
behavior. For the Turbulent kinetic energy, the median value during the simulation time was considered for each 
particle.

Megakaryocyte differentiation in culture
CD34 + hematopoietic progenitors were extracted from leukodepletion filters (TACSI, Terumo BCT, Zaventem, 
Belgium) and cultured during 13 days as previously described32.

Cultured platelets release
On day 13 of the experiment platelets were extracted using the Taylor-Couette system for 30 min. 0.5 µM iloprost 
(Ilomedine 0.1 mg/mL, Bayer AG, Germany) was added just before the liberation to avoid platelet activation by 
the system. The system used had a geometry characterized by an annular gap of d = 3 mm and a total volume 
of 14.7 mL. The rotational speeds were adjusted to achieve a differential Reynolds number (Re)19 of 5,000. 
Specifically, when only the inner cylinder was rotated, the speed was set to 1,500 rpm, while when both cylinders 
were rotated in opposite directions, each cylinder was set to rotate at 750 rpm.

In upscaled experiments, platelets were collected using a 30 mL Taylor-Couette system with the “ICR” 
modality and rotational speed 800  rpm to achieve a Reynolds number (Re) of 5,000. The annular gap was 
consistently maintained at d = 3 mm. In the static conditions, the medium was collected with 1 mL tips with cut 
ends to avoid platelet release generated by the pipetting procedure13.

Platelet release in the presence of red blood cells
Prior to platelet release utilizing the Taylor-Couette device, red blood cells (RBCs) were added into the system 
to achieve a final hematocrit of 2%. This specific hematocrit level was selected to ensure that it does not 
significantly alter the flow viscosity, thereby maintaining flow conditions similar to those without RBCs. In 
control experiments, RBCs were added after platelet release.

Platelet morphology and ultrastructure
Transmission electron microscopy  TC-derived platelets were fixed in 2.5% glutaraldehyde and embedded in 
Epon. Thin sections were stained with uranyl acetate and lead citrate and examined under a JEol 2100-plus (Jeol, 
Japan) as previously described26.

Confocal microscopy  After fixation in paraformaldehyde, platelets were cytospun, permeabilized with 0.1% Tri-
ton X-100 in PBS and incubated sequentially with corresponding antibodies in PBS containing 1% BSA. The cells 
were then examined under a confocal microscope (TCS SP8, Leica Microsystems, Rueil-Malmaison, France) 
equipped with an oil objective. Data were acquired with LASAF software, version 1.62 (Leica Microsystems).

In vitro platelet studies
Platelet counting  The number of released platelets was estimated in a flow cytometer using tubes containing 
calibration beads (BD TrucountTM, BD Biosciences, San Jose, USA) and antibodies to GPIIb-IIIa (Alexa-488) 
and GPIbα (Alexa-647). The platelet count was expressed as the number of platelets per MK present on day 7 
of culture.

Platelet activation  Platelets were activated during 10  min at 37  °C by the following agonists: collagen-relat-
ed peptide (CRP) 10 µg/mL or a combination of CRP 10 µg/mL and thrombin receptor-activating peptide-6 
(TRAP-6) 50 µM. The percentage of activated platelets positive for PAC1 and P-selectin was determined by flow 
cytometry.

Glycoprotein expression assays  The platelet suspension was separated and labeled with antibodies directed 
against GPIIb-IIIa (Alexa-488), GPIbα (Alexa-647), GPIbβ (Alexa-568), GPV (Alexa-647), GPIX (Alexa-568) 
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and CD9. After incubation for 30 min at room temperature, samples were analyzed by flow cytometry. Cytomet-
ric analyses were performed using Fortessa X20 (Becton Dickinson, Franklin Lakes, NJ, USA).

Platelet adhesion  Following release platelets were washed by sequential centrifugation and resuspended in Ty-
rode-albumin buffer. Cover glasses were coated with 100 µg/mL fibrinogen for 2 h at room temperature and 
blocked with 0.1% HSA in phosphate-buffered saline (PBS). Platelets (30 000 platelets/slide) were incubated on 
the glasses at room temperature for 30 min with or without addition of 1U/mL of thrombin. Glasses were then 
washed 3 times with PBS, fixed with 4% 1-paraformaldehyde in PBS for 20 min, washed 3 times with PBS, and 
labeled with corresponding antibodies. After staining, cover glasses were mounted on glass slides and analyzed 
under a confocal microscope.

In vivo functionality
Platelets recirculation after transfusion  Experiments were performed according to a recent publication26. In 
brief, following their release, platelets were washed by sequential centrifugation and resuspended in a preserva-
tion solution consisting of one-third plasma and two-thirds Intersol (Fresenius Kabi, Homburg, Germany) at a 
concentration of 5 × 105 platelets/µL. Then, 5 × 107 TC-derived platelets or native human platelets from platelet 
concentrates transfusion bags were injected through the retro-orbital vein into NSG mice (NOD.Cg-Prkdc scid, 
Il2rg tm1Wjl/SzJ) previously depleted of macrophages by injection of clodronate liposomes at day − 1. Whole 
blood samples were drawn before and at different time points after transfusion and the proportion of circulating 
TC-derived platelets or native platelets (NP) recorded in the acquisition gate 3 min after transfusion was arbi-
trarily set to 1.

Cytokine analysis
Medium obtained before (Control) or after (TC) platelet release was passed through the 0.22  μm filtration 
membranes. The evaluation of the cytokine levels was performed using Proteome Profiler Human XL Cytokine 
Array Kit (R&D Systems) according to the manufacturer protocol.

Ethics statement
Human studies were performed according to Helsinki declaration. Control human samples were obtained 
from volunteer blood donors who gave written informed consent recruited by the blood transfusion center 
where the research was performed (Etablissement Français du Sang-Grand Est). All procedures were registered 
and approved by the French Ministry of Higher Education and Research and registered under the number 
AC_2015_2371. The donors gave their approval in the CODHECO number AC- 2008–562 consent form, in 
order for the samples to be used for research purposes. NSG mice were housed under pathogen-free conditions 
and all procedures were performed in accordance with the European Union Guideline 2010/63/EU. The study is 
reported in accordance to ARRIVE guidelines. The study was approved by the Regional Ethical Committee for 
Animal Experimentation of Strasbourg, CREMEAS (CEEA 35) and registered under the number 10,669.

Statistical analysis
Results are presented as the mean ± SEM and statistical comparison was performed using paired t-test. (Prism, 
GraphPad Software Inc., San Diego, CA, USA). P values of less than 0.05 were considered to be statistically 
significant (P > 0.05 [ns.]; P < 0.05 [*]; P < 0.005 [**]).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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