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A B S T R A C T   

In vitro production of blood platelets for transfusion purposes is gaining interest. While platelet production is now 
possible on a laboratory scale, the challenge is to move towards industrial production. Attaining this goal calls for 
the development of platelet release devices capable of producing large quantities of platelets. To this end, we 
have developed a continuous-flow platelet release device composed of five spherical chambers each containing 
two calibrated cones placed in a staggered configuration. Following perfusion of proplatelet-bearing cultured 
megakaryocytes, the device achieves a high yield of about 100 bona-fide platelets/megakaryocyte, at a flow rate 
of ~80 mL/min. Performances and operating conditions comply with the requirements of large-scale platelet 
production. Moreover, this device enabled an in-depth analysis of the flow regimes through Computational Fluid 
Dynamics (CFD). This revealed two new universal parameters to be taken into account for an optimal platelet 
release: i.e. a periodic hydrodynamic load and a sufficient accumulation of shear stress. An efficient 16 Pa.s shear 
stress accumulation is obtained in our system at a flow rate of 80 mL/min.   

Introduction 

Blood platelets are key players in bleeding arrest. To sustain an 
average count of 3 × 1011 platelets/L of blood in Man, 1011 functional 
platelets are produced daily from their medullar precursors, the mega
karyocytes (MK). Transfusion of platelet concentrates (PC) containing 
2–5 × 1011 platelets is a lifesaving procedure to prevent bleeding in 
patients undergoing chemotherapy or to stop bleeding in patients with a 
low platelet count (<10–30 ×109 platelets/L) or with functional platelet 
disorders [21,15]. Each year, 300,000 PC are transfused in France (ac
cording to the French report of the General Inspectorate of Social Affairs 
RM2010–089 P), and over 100 million worldwide. In developed coun
tries, altruistic donation constitutes the cornerstone of a safe and sus
tainable blood supply. In the absence of blood donation, no country can 
provide sufficient blood products to all patients requiring transfusion. 
Nevertheless, this system bears limitations. Blood donation requires 

costly testing to ensure maximum safety in terms of infection, immunity 
and inflammation. Furthermore, lifetime prolongation sustained by 
current treatments (chemotherapy, radiotherapy) results in an increased 
consumption of PC, in a context of stagnating donor numbers. This lack 
of platelets will in turn limit burgeoning clinical applications in regen
erative medicine, wound healing and even cosmetics [25,13]. This 
anticipated shortage highlights the need to develop alternatives to blood 
donation best represented by scalable, on-demand bio-manufactured 
platelet (BMP) production, compliant with current Good Manufacturing 
Practices (cGMP). A number of laboratories have already initiated such 
developments, helped by increased knowledge in molecular and cellular 
mechanisms underlying platelet biogenesis and through biotechnolog
ical advances [2,11,18,22,26]. 

In vivo, MK are derived from hematopoietic stem cells (HSC) during 
megakaryopoiesis. This process calls for a succession of proliferation, 
differentiation, and maturation stages. Mature MK make then contact 
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with sinusoidal vessels, where they extend cytoplasmic extensions, the 
proplatelets, which are subsequently detached and remodeled by blood 
flow to form bona fide blood platelets. These different steps are tightly 
controlled by cytokines, transcription factors and cooperating environ
mental cues such as cell-cell interactions, cell-matrix interactions and 
specific flow conditions [1,10,23]. In this optimal intricate bone marrow 
microenvironment, it is estimated that one MK is capable of producing 
1000 to 3000 platelets [24]. BMP production aims to mimic these pro
cesses as closely as possible while ensuring maximum homogeneity, 
safety and stability of biological raw materials and finished products 
under cGMP conditions. 

Several protocols have been developed, using induced pluripotent 
stem cells, fibroblasts, or human hematopoietic progenitors as starting 
cells, combining cocktails of cytokines and pharmacological agents 
allowing to produce proplatelet-bearing MK. However, the final stage of 
platelet release remained inefficient under conventional culture condi
tions. More recently, devices including flow regimes have improved 
platelet release. Most of them are scalable microfluidic reactors 
mimicking blood laminar flow conditions [2,11,18,22]. Despite their 
capacity to release functional platelets, only a low yield of 2–20 plate
lets/MK is obtained in these systems which need to be operated in 
parallel to meet large-scale production [2,18,22,17]. A leap in platelet 
release efficiency has been achieved by applying turbulent flow condi
tions to a suspension of MK. In a large culture volume (10 L) turbulent 
bioreactor, approximately 80 platelets/MK were generated [11]. 
Although shear stress and turbulent kinetic energy levels have been 
identified as playing a primary role in this system, the detailed release 
mechanisms remain to be addressed. 

The present study focused on the development of a platelet release 
device compatible with industrial requirements. An in-depth analysis 
revealed that, beyond turbulence, which is now accepted as an essential 
parameter, the combination of new flow regime parameters could 
further optimize platelet release. This device relied on a bench scale 
platelet release method mimicking the alternating movements of 
pipetting cycles and was named “Pipette Mimetic Device” (PMD). It 
consists of five spherical chambers assembled in a row, each containing 
two calibrated cones placed in staggered positions. A correlation was 
established between the number of chambers, the flow rate in the device 
and the efficiency of platelet release. It was also validated that the 
released platelets were of quality, both morphologically and function
ally. In order to better understand the platelet release mechanisms, a 
series of computational flow dynamics (CFD) analyses was performed. 
Local generation of unsteady periodic flows with highly turbulent re
gions was observed in different parts of the device. In addition, thorough 
analysis of MK simulation trajectories highlighted the importance of 
combining shear stress and its duration for efficient platelet release. This 
combination led to shear stress accumulation (16 Pa.s on average), a 
parameter not recognized so far as being important for platelet release. 
Overall, this study resulted in the design of a new platelet release device 
that is both efficient (100 BMP/MK) and compatible with industrial 
constraints and a better understanding of the flow regimes that govern 
platelet production. 

Materials and methods 

Megakaryocyte differentiation in culture 

CD34 + hematopoietic progenitors were extracted from leukode
pletion filters (TACSI, Terumo BCT, Zaventem, Belgium) and cultured 
for 14 days as previously described [19]. 

Biomanufactured platelet (BMP) release 

At day 14, following the addition of 0.5 μM illoprost (Ilomedine 0.1 
mg/mL, Bayer AG, Wuppertal, Germany), BMP were released by 5 
successive manual pipettings with a 1 mL-type cone or the newly 

developed device, PMD. The flow in the PMD was generated by applying 
a continuous vacuum (KNF, Freiburg, Germany) at the outlet. The flow 
rate, fixed at 80 mL/min, was measured using a miniature paddlewheel 
flow meter (Bio-Tech e.K, Vilshofen, Germany) placed downstream of 
the device or assemblies. Individual spheres were obtained by injection 
molding of UPS Class VI polypropylene (Saint Gobain Life Sciences, 
France). Assemblies were made possible by special quarter-turn locking 
tube assemblies equipped with EPDM seals at the inlet and outlet. 
Connections to tanks and other production process assemblies were 
made with standard weldable 2 mm diameter PVC tubes used for blood 
transfer (Saint Gobain Life Sciences). A single device, or assemblies, can 
be sterilized with gamma rays or hydrogen peroxide. The entire pro
duction configuration provided a closed system and a cGMP 
manufacturing process. After release, the collected BMP were centri
fuged and resuspended in Tyrode’s albumin buffer as previously 
described [5]. 

Platelet morphology and ultrastructure 

Transmission electron microscopy. BMP were fixed in 2.5% glutaral
dehyde and embedded in Epon. Thin sections were stained with uranyl 
acetate and lead citrate and examined under a JEol 2100-plus micro
scope (Jeol, Tokyo, Japan) as previously described [5]. 

In vitro platelet studies 

Platelet counting. The number of released platelets was estimated 
using tubes containing calibration beads (BD Trucount™, BD Bio
sciences, San Jose, CA, 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. 
Platelet suspension was labeled with antibodies to GPIbα (Alexa-568) 
and test tubes were prepared, containing either: anti-PAC-1 antibody 
(Alexa-647) (anti GPIIb-IIIa in its activated form), anti-P-Selectin anti
body (FITC), or the isotype control. Platelets were activated by the 
following agonists: thrombin 1 U/mL, CRP 10 µg/mL or a combination 
of CRP 10 µg/mL and TRAP-6 50 µM during 10 min at 37 ◦C. The per
centage of activated platelets was analyzed by flow cytometry. Glyco
protein expression assays. The platelet suspension was separated and 
labeled with antibodies directed against GPIIb-IIIa (Alexa-488), GPIbβ 
(Alexa-568), GPV (Alexa-647), GPIX (Alexa-568) and CD9-PE. After 
incubation for 30 min at room temperature, samples were analyzed by 
flow cytometry. FMOs (Fluorescence Minus One) were performed to 
determine the analysis windows when using multiple fluorochromes. 
Cytometric analyses were performed using Fortessa X20 (Becton Dick
inson, Franklin Lakes, NJ, USA). 

In vivo functionality 

BMP recirculation after transfusion. Experiments were performed ac
cording to a recent publication [5]. In brief, following their release, 
platelets were resuspended in a preservation solution consisting of one 
third plasma and two thirds Intersol (Fresenius Kabi, Homburg, Ger
many) at a concentration of 5 × 105 platelets/µL. Then, 5 × 107 BMP or 
native human platelets from CP 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 BMP or native platelets (NP) recorded in the acquisition gate 
3 min after transfusion was arbitrarily set to 1. 

Flow simulations in mathematical models 

In a preliminary stage, flow conditions inside the cone and the test 
tube during aspiration or discharge were inferred from simplified flow 
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simulations using the Flow Simulation tool embedded in Solidworks 
2020 CAD software. A detailed geometric model of the tube and cone 
assembly was first generated in Solidworks. This geometry is automat
ically meshed in the simulation tool and standard wall laws are applied 
depending on the mesh refinement. Secondly, steady continuous flow 
conditions were applied between the tube and cone top openings in 
order to generate either a continuous aspiration or a continuous 
discharge. Once the computation converged, streamlines were gener
ated, and animations thereof were recorded for further analysis. The 
same procedure and tools were used to outline the generic features of the 
final release device. 

After development of the new design, detailed flow conditions inside 
the release device were determined by computational fluid dynamics 
(CFD) simulations using Fluent 2020R2 finite volume software package 
(ANSYS Inc., Canonsburg, PA, USA). The simulations were performed in 
two consecutive steps. The first one consisted of a simple transient 
viscous laminar simulation with periodic flow conditions between the 
inlet and outlet of a single chamber geometry. The boundary conditions 
were set in terms of pressure gradient similar to the one derived from 
previous assessments of platelet production under different flow rates. 
This process resulted in a hybrid mesh with a total of 5322,000 elements 
– 5964,000 nodes. The results were used to initiate the second step 
consisting of a steady turbulent flow simulation. For this purpose, a k- 
omega transition SST (4 equations) model was implemented using the 
same mesh and boundary conditions (Supplemental Data) [14]. Quality 
and accuracy of the solution were monitored through a mesh sensitivity 
test. 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. To assess the dynamic of BMP and 
cells within the flow, we performed numerical simulations of their tra
jectories. For this purpose, trajectories of small inert spherical particles 
dragged into the flow were inferred by a Lagrangian 3D unsteady model 
based on the achieved CFD simulations. According to the low number 
and size of platelets, non-reciprocal actions of particles on the flow was 
assumed and therefore a one-way coupling was implemented. For each 
particle size under consideration, 2, 5 or 10 µm, a set of 1000 trajectories 
was computed from particles seeded randomly in the inlet section and 
the particle histories data through the single chamber were statistically 
analyzed. Accumulation effects over multiple chambers were deduced 
from those observed in this single chamber by simple addition. 

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 accor
dance with the European Union Guideline 2010/63/EU. The study was 
approved by the Regional Ethical Committee for Animal Experimenta
tion of Strasbourg, CREMEAS (CEEA 35) and registered under the 
number 10669. 

Statistical analyses 

Results were expressed as the mean ± SEM and statistical compari
sons were performed using an unpaired, two-tailed Student’s t-test or 
one-way ANOVA followed by the Bonferoni post-hoc test (Prism, Graph- 
Pad Software Inc., San Diego, CA, USA). P values of less than 0.05 were 
considered to be statistically significant (P > 0.5 [ns.]; P < 0.04 [*]; P <

0.004 [**]; P < 0.001 [***]; P < 0.0001 [****]). 

Results 

Manual pipetting procedure at the origin of the platelet release device 

Platelet release from proplatelet-bearing MK requires the generation 
of appropriate flow regimes. As previously published, pipetting (aspi
ration and discharge through a 1 mL cone) represents an empirical but 
efficient method for the release of BMP. Here, following a gradual in
crease in the number of pipetting cycles, a maximum of 119.48 ± 25.17 
BMP/MK was obtained after 5 pipetting cycles, corresponding to a 3.8- 
fold increase compared to only 1 pipetting (119.48 ± 25.17 vs. 31.23 ±
7.62 BMP/MK, 5 vs. 1 pipetting respectively) (Fig. 1A). Interestingly, we 
observed that only continuous pipetting allowed optimal platelet release 
compared to pauses between each pipetting cycle (R1, R2…) (Fig. 1Bi) 
or each aspiration or discharge (PR1, PR2…) (Fig. 1Bii). These results 
indicated the importance of applying a periodic hydrodynamic load at 
frequency of 0.7 Hz (f=1/T; one cycle of aspiration discharge=1.42 s) on 
proplatelet-bearing MK to promote their release and subsequent 
remodeling into platelets. Of note, all the BMP produced were functional 
regardless of the number of pipetting cycles, as witnessed by GPIIb-IIIa 
activation detected by PAC-1 binding following thrombin activation 
(Fig. 1C). This manual method is therefore efficient to produce func
tional BMP but is not amenable to large scale nor cGMP compliant. For 
this purpose, a " pipette-mimetic " platelet release device was designed 
after a preliminary design stage during which Computational Fluid 
Dynamics (CFD) simulations of either aspiration or discharge were 
analyzed. 

Design of the “Pipette-mimetic device” (PMD) 

CFD simulation of the discharge revealed a significant acceleration of 
fluid velocity as the cone narrowed, with a hot spot (in light blue and 
green) at the apex of the cone, followed by a deceleration and subse
quent recirculation of the fluid in the tube. A reverse behavior was 
observed following fluid aspiration (Suppl. Video 1). Based on this 
analysis, we designed a device with specified sizes and dimensions as 
detailed in Fig. 2A. In brief, two calibrated 1 mL capacity-pipetting 
cones were placed in a sphere to favor fluid recirculation. They were 
arranged in a staggered configuration to mimic the discharge phase 
(inlet) while the passage through the second cone reproduced the 
aspiration phase (outlet) (Fig. 2A). The cell suspension was aspirated 
through the device by applying a negative pressure, at a flow rate of 
80 mL/min (based on pipetting measurements, data not shown). Sub
sequently, to ensure that the design of the platelet release device 
mimicked the flow instability and periodic hydrodynamic loading 
observed during pipetting cycles, we simulated the behavior of the 
particles in a sphere. As previously observed during the pipetting cycles, 
we confirmed an acceleration of the fluid at the apex of the discharge 
and aspiration cones and a fluid recirculation into the sphere (blue 
gradient) (Suppl. Video 2). To manufacture the platelet release device in 
its definitive design, we evaluated the optimal number of spheres for 
maximal BMP release. Interestingly, a succession of 5 spheres was 
determined to be optimal (92.52 ± 8.90 BMP/MK), matching the 
number of cycles in the manual procedure (Fig. 2B). Overall, these re
sults validated the device as a Pipette Mimetic platelet release Device: 
PMD. This device has the advantage of processing 80 mL of MK sus
pension per minute with a yield of approximately 100 PMD-released 
BMP/MK. It allows us to meet the requirements of large-scale platelet 
production. Moreover, its compact design (5 ×5×15 cm) allows it to be 
easily integrated to the culture processes under a laminar flow hood 
(Fig. 2C). 
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Morphological and functional characterization/assessment of PMD- 
released platelets 

To validate the performance of this new platelet release device, we 
analyzed the quality of the platelet release. A transmission electron 
micrography (TEM) analysis demonstrated that PMD-derived platelets 
were ultrastructurally identical to human donor platelets. Indeed, they 
displayed a microtubule marginal band, a key feature of native platelets 
(NP). In addition, they were anucleate and possessed organelles, 
including mitochondria, open canalicular systems (OCS) and granules (α 
and δ). However, they presented an ovoid rather than flat shape and 
their diameter was enlarged by 2.27-fold as compared to the bulk of NP 
(2.46 ± 0.55 μm vs 5.60 ± 0.5 µm, NP vs. PMD-released BMP, respec
tively) having a similar nature as newly generated platelets, which are 
known to be enlarged (Fig. 3A). The PMD-released BMP quality was 
documented firstly by the presence of more than 90% of the main GP at 
the platelet surface (Fig. 3B). Secondly, their activation potential was 

demonstrated by their capacity to bind PAC-1 and to externalize P- 
Selectin (P-Sel). As previously reported, PMD-released BMP exhibited a 
slight pre-activation without preventing them from responding to 
different agonists. Indeed, even if PMD-released BMP appeared to be less 
activated in response to thrombin (88.1 ± 2.3 vs 52.4 ± 2.5% PAC1 +

and P-sel positive platelets, NP vs. PMD-released BMP, respectively), 
they showed similar PAC-1 and P-Sel activation responses to CRP or to a 
TRAP-6 +CRP combination (33.7 ± 9.2 vs 29.5 ± 2.6% PAC1 and P-sel 
positive platelets, NP vs. PMD-released BMP, respectively for CRP acti
vation and 52.8 ± 6.5 vs 51.2 ± 1.8% PAC1 and P-sel positive platelets, 
NP vs. PMD-released BMP, respectively for a combination of CRP and 
TRAP-6 for activation) (Fig. 3C). Importantly, 5 × 107 PMD-released 
BMP recirculated with good efficiency following transfusion with a 
transient increase between 15 and 240 min of recirculation. Following a 
plateau, they were removed at the same pace as NP. Therefore, PMD- 
released BMP were able to recirculate and even exhibited a longer 
half-life (4.33-fold) than platelets derived from platelet concentrates 

Fig. 1. Manual pipetting as a platelet 
release process. A) Bar graph repre
senting the yield of platelets (BMP)/MK 
seeded at day 7 according to the number 
of pipetting cycles (119.48 ± 25.17 vs. 
31.23 ± 7.62 BMP/MK, 5 vs. 1 pipetting 
respectively; n = 6). Bi) Bar graph of the 
number of BMP/MK released with 
different numbers of pipetting 
compared to a rest time between each 
aspiration and each discharge (R1 to 
R5), compared to 5 classical continuous 
pipetting of aspirations and discharges 
without rest time (P5) (55.52 ± 4.21 
BMP/MK vs 120.60 ± 21.96 BMP/MK, 
R5 vs P5, n = 4). Bii) Bar graph of the 
number of BMP/MK released with a rest 
time between each complete pipetting 
movement (aspiration + discharge) 
(PR1 to PR5), compared to 5 continuous 
pipettings (P5) (86.22 ± 3.79 BMP/MK 
vs 128.3 ± 7.5 BMP/MK, PR5 vs P5, 
n = 3). C) Activation of BMP. Non 
stimulated (left panel) and stimulated 
(right panel). An increase in PAC-1 
antibody binding is observed in 
thrombin treated BMP, regardless of the 
number of pipetting cycles, as compared 
with resting controls (41.76 ± 0.69, 
44.33 ± 3.23, 47.63 ± 2.57, 42.66 
± 2.91, 46.63 ± 3.17; 1, 3, 5, 8 and 10 
pipettings respectively for stimulated 
BMP; n = 3).   
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(17 h vs 4 h, PMD-released BMP vs. NP, respectively) (Fig. 3D). Overall, 
these data provided support for the morphological and functional 
qualities of PMD-released BMP. 

Characterization of flow regimes in the PMD 

To better understand the parameters governing the performance of 
the device on platelet release, we carried out an in-depth characteriza
tion of flow regimes. Firstly, we performed an analysis of the behavior of 
the flow rate as a function of the pressure drop between the inlet and 
outlet sections of the device. The linear behavior demonstrated the 
laminar nature of the bulk flow (Fig. 4A). To better characterize the flow 
features in different regions of the PMD we next performed a detailed 
analysis of the CFD data (Fig. 4B). At a flow rate of 80 mL/min, different 
velocity magnitude profiles were observed along the inlet and outlet 
cone axes (Fig. 4C). In the discharge cone, as the cone narrowed, the 
velocity increased from ~0.1 to ~3.5 m/s, corresponding to an average 
acceleration of ~490 m/s2 in the cone (section a1, j1). Then, the ve
locity remained constant for a short distance and dropped to 0 at the 
chamber wall at position r1 (Fig. 4Ci) generating a strong recirculation 
in the spherical chamber. Concomitantly, upon entering the aspiration 

cone, an increase in velocity was observed from 0 at the chamber wall to 
~4.5 m/s shortly after the cone tip, corresponding to a drastic acceler
ation (section a2). In the cone, the velocity slowly declined to ~0.1 m/s 
in the wide section (section j2) with an average deceleration of ~800 m/ 
s2 (Fig. 4Cii). Such successions of accelerations and decelerations are 
likely to destabilize the flow and lead to a turbulent flow. As can be 
inferred from the turbulence intensity scale (Suppl. Data) [14,8,3,6,4,7], 
high turbulence intensity was encountered at the acceleration zones, 
while an average turbulence intensity of 5% was observed in the wide 
section of the discharge and aspiration cones (Suppl. Fig. 1). Such ten
dencies are confirmed by variations of the local Reynolds number which 
are about 2400 and 3000 in the Z1 and Z2 sections, respectively. 

Particles trajectories history influence their residence time in PMD 

The residence time (tres) of 1000 particles of different sizes, from 2 to 
10 µm, was analyzed by computational flow simulations by setting the 
flow rate at 80 mL/min. While all particle trajectories were subjected to 
the same flow conditions, as defined previously: acceleration (j1, j2), 
deceleration, recirculation (r1, r2), not all the particles followed the 
same trajectories (Fig. 5A). Indeed, while at the turbulent zone of the 

Fig. 2. Platelet release device design and performance. A) Internal view of a PMD sphere with cone positioning and dimensions. It also presents a schematic view of 
flow motions (red arrows) within one PMD block. Black arrows indicate direction of the flow and thus the inlet and outlet cones. B) Bar graph representing the yield 
of BMP/MK according to the number of PMD spheres (25.43 ± 3.62, 57.40 ± 2.76, 92.52 ± 5.14, 89.64 ± 10.02 PMD-released BMP/MK; 1, 3, 5 spheres respectively; 
n = 3). C) Sketch of the PMD in its final form in operation in a closed circuit. 
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discharge (j1), all the particles followed the same path, after the 
deceleration (r1), several particles moved over a short distance, whereas 
others recirculated several times into the sphere, before being re- 
accelerated and unilaterally aspirated through the turbulent region 
(j2). At the exit of the aspiration cone, whereas most particles went 
through the next sphere, some of them were drawn back into a recir
culation (r2). These differences in particle behavior led to different path 
lengths, which in turn affected their tres. The average value of tres was 
about 1.6 s, ranging from 0.26 to 9.9 s (Fig. 5B) and decreased linearly 
with increasing flow rate (Fig. 5C). We also showed that shifting the size 
of the particles from 2 to 10 µm had a negligible influence on the linear 
dependency of tres towards flow rate (Suppl. Fig. 2). 

Shear stress accumulation analysis 

tres variations coupled to the exposure of cells to different flow 
characteristics resulted in different hydrodynamic loading of each 

particle, objectified by the scalar shear stress (SS). Since there is a va
riety of trajectories, the SS was described by a non-unique statistical 
description. The variation of the scalar shear stress as a function of flow 
rate was generated from mean values of SS from the 1000 simulated 
trajectories. The analysis of the mean SS showed a linear increase with 
flow, and detailed analysis followed by the decomposition of the local 
hydrodynamic shear stress components into viscous and turbulent 
contributions showed that the turbulent shear stress fully dominated the 
SS history (Fig. 6A). Indeed, when analyzing the shear stress values at a 
flow rate of 80 mL/min, the total shear stress reaches a value of 115 Pa, 
while the average viscous shear stress contribution is only about 7.5 Pa. 

Most of the cells have been shown to be sensitive to both shear stress 
and loading duration, which can be analyzed through scalar shear Stress 
Accumulation (SA) computations (Suppl. Data) [8,3,6,4,7]. Whereas SA 
statistics were influenced by the various trajectories of particles (data 
not shown), we demonstrated a linear increase in the average value of 
SA until the optimal 80 mL/min flow rate, where SA reaches a value of 

Fig. 3. Morphology and function of PMD-released BMP. A) Representative transmission electron microscopy (TEM) images of NP (left panel, Bar = 1 µm) and PMD- 
released BMP (right panel, Bar = 1 µm). Figure legend is annotated on the image. B) The bar graphs represent the percentage of platelets (NP and PMD-released BMP) 
expressing major surface glycoproteins, n = 4. C) In vitro functionality of PMD-released BMP. PAC-1 binding and Pselectin activation of washed NP and PMD-released 
BMP without stimulation (0.5 ± 0.4 vs 9.2 ± 2.7% PAC-1 and Psel positive platelets (NP vs PMD-released BMP); n = 3 and n = 4), or stimulated with thrombin 1 U/ 
mL (88.1 ± 2.3 vs 52.4 ± 2.5% PAC-1 and Psel positive platelets (NP vs PMD-released BMP); n = 3 and 4), or stimulated with CRP 10 µg/mL (33.7 ± 9.1 vs 29.5 
± 2.6% PAC-1 and Psel positive platelets (NP vs PMD-released BMP); n = 3 and 4), or stimulated with a combination of CRP 10 µg/mL and TRAP-6 50 µM (52.8 
± 6.5 vs 51.2 ± 1.8% PAC-1 and Psel positive platelets (NP vs PMD-released BMP); n = 3 and 4) D) Platelet recirculation mouse model. Human platelets were 
detected and counted by flow cytometry. NP count decreased linearly over time whereas PMD-released BMP count reached a maximum 1 h after injection and then 
progressively decreased. Mean of 3 independent experiments. PMD-released BMP exhibit a longer half-life (4.33-fold) than native platelets (17 h vs 4 h, PMD-released 
BMP vs. NP respectively); n = 3. 
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Fig. 3. (continued). 
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16 Pa.s in the single simulated PMD chamber (Fig. 6Bi). CFD visuali
zation of the chamber was carried out at the same flow rate to observe 
the scalar shear stress distribution (Fig. 6Bii). As before, different pro
files were observed along the axes of the inlet and outlet cones. These 
sections correspond to the regions of interest described above, i.e., 
colocalized with high turbulence intensity regions (sections Z1 and Z2). 

Beyond 80 mL/min, the SA decreased, accompanied by a decrease in 
PMD-released BMP as observed at a flow rate of 90 mL/min (Fig. 6C). 
Altogether, these results showed that, in addition to turbulence, other 
parameters influence the rupture of proplatelets into platelets such as 
the residence time of the cells in the device and the scalar shear stress 
accumulation. These new parameters should be taken into account in 
order to optimize platelet release devices. 

Discussion 

This work has led to the development of an efficient platelet pro
duction device easily implemented in any type of bioreactor for clinical 
grade platelet production. In addition, this device provided an inter
esting groundwork to study the flow parameters favoring platelet 
release. Indeed, this allowed to identify, along with turbulence, periodic 
hydrodynamic loading and shear stress accumulation as two key pa
rameters for platelet release, providing important information for the 
optimization of current and future platelet release devices. 

Following a detailed analysis of the effects of flow constraints during 
manual pipetting, an automatic and cGMP compliant platelet release 
device called PMD for “Pipette Mimetic Device” was engineered. With a 
high yield of 100 PMD-released BMP/MK and a flow rate of 80 mL/min, 
this device allows for large-scale platelet production while preserving 

Fig. 4. Characterization of flow regimes within the PMD. A) Relationship between inlet/outlet pressure drop in the PMD (kPa/m) and flow rate Q (mL/min). The 
linear relationship highlights an overall laminar flow regime. B) CFD-computed velocity field. Color contours show the variations in velocity. C) Velocity magnitude 
along the longitudinal axis of i) discharge (left) and ii) aspiration (right) cones. Acceleration is observed in the area of cone tips (a1 and a2). 
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Fig. 5. Particle trajectories influenced by flow features, velocity gradients and turbulence intensity. A) Particle trajectories as determined by the Particle Tracing 
Module. Simulations of 10 particles trajectories of different sizes. The fastest particles matched the high velocity and high turbulence regions of the PMD. B) 
Measurements of particles resident time with a flow rate of 80 mL/min. The bar graph represents the proportion of particles (PDF = Probability Density Function) as 
a function of residence time. Solid line represents the best fit over the data (Birnbaum Saunders distribution). C) Examples of the different trajectories followed by the 
particles inside a sphere. Complex trajectories imply long residence times. The mean resident time is less than 2 s D) The graph represents the average residence time 
as a function of the applied flow rate and for different particle sizes. Whatever the particle size, as the flow rate increases, the residence time decreases. 
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Fig. 6. Shear Stress Accumulation as a new parameter for an efficient platelet release. A) Dot plot of the Average Shear Stress (SA) intensity as function of flow rate, 
showing the decomposition of the local hydrodynamic shear stress components into viscous (white squares for Viscous SS) and turbulent contributions (black squares 
for Total SS (viscous +turbulent)). B) i) Dot plot representing the mean value of Shear Stress Accumulation (SA) according to the flow rate and ii) CFD analysis of the 
scalar shear stress distribution. Color contours show the variations of intensity at a flow rate of 80 mL/min. C) Bar graph of PMD-released BMP as function of 
flow rate. 
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their quality. Despite their larger size and signs of slight pre-activation, 
which has been classically observed in other studies [11,16], they were 
capable of responding to in vitro stimulation and to recirculate after 
transfusion, even longer than NP (4.33-fold) (Fig. 3). This accelerated 
elimination of NP compared to PMD-released BMP platelets from the 
circulation would appear to be related to the changes that accumulate on 
the platelet surface over time. Indeed, with age, platelets mainly in
crease the phosphatidylserine and the deglycosylation of membrane 
glycoproteins, which either increase the availability of clearance ligands 
or eliminate anti-clearance signals [12,9]. Thus, NP exhibiting an age 
continuum from young to old are gradually eliminated. In contrast, 
BMP-derived platelets are produced synchronously and display the 
features of young platelets upon transfusion, as evidenced by the large 
amounts of RNA they contain (data not shown). Therefore, with fewer 
surface protein modifications, PMD-released BMP elimination would be 
delayed, and their recirculation half-life would be longer. The yield of 
100 PMD-released BMP is quite substantial for in vitro conditions, but is 
still far from the yields reached in vivo (1000–3000 platelets/MK) [24]. 
This low yield does not disprove the effectiveness of the device, but 
rather signs the current inability to produce fully mature MK, since 
confocal analysis of the MK following their passage through the device 
revealed only a thin ring of cytoplasm around the MK nucleus (Suppl. 
Fig. 3A). These results demonstrated that the continuous passage of 
proplatelet-bearing MK in the device where they were subjected to pe
riodic but calibrated acceleration and deceleration of flow was indeed 
sufficient to exhaust the membrane and favor optimal platelet release. 

Importantly, the PMD offers several competitive advantages for in
dustrial cultured platelet production. Despite being manufactured under 
cGMP requirements, production cost was very low due to our capacity to 
design the mold to produce the device. In addition, platelet release at a 
flow rate of 80 mL/min, occurs fast, and since the device is compact, it 
can be easily implemented into the workflow of any cell culture system. 
For example, releasing 1011 platelets from a 10 L culture containing 109 

MK would take 125 min with a single device, and only take 30 min with 
four PMDs mounted in parallel at the outlet of the bioreactor. Of note, 
this shorter time is consistent with the half-life of prostacyclin, which 
must be added to significantly limit the risk of excessive platelet pre- 
activation during platelet release. 

From a mechanical standpoint, a detailed characterization was 
acheived of the flow parameters that promote platelet release in the 
PMD. In addition to hot spots of turbulences, it was revealed that 
application of a periodic hydrodynamic loading at an adequate fre
quency on the proplatelet-bearing MK is required to support the optimal 
release of platelets (Fig. 1B). The observation that more than 5 spheres 
did not lead to a higher platelet release suggested that the optimal pe
riodic hydrodynamic load had been achieved to drive the optimal 
rupture of proplatelets-bearing MK and promote their cytoskeletal 
remodeling to subsequently form high grade platelets. Finally, the ex
istence was also highlighted of a parameter that accounts for an equi
librium between the intensity of the applied forces and the residence 
time of the cells in the device, i.e., the shear stress accumulation (SA) 
(Fig. 5). These observations must be considered with respect to the 
knowledge accumulated from studies carried out on bubble fragmen
tation in turbulent flow fields of suspended media, where the authors 
showed that these phenomena depended not only on the level of stress 
encountered by the bubbles, but also on a time scale [20]. Indeed, this 
work emphasized that fragmentation could not be quantified by the 
stress criteria alone, but that the competition between different time 
scales was just as important, since instead of being slowly and durably 
elongated by flows at their own scales, bubbles are fragmented in tur
bulence by small eddies via an intense local deformation burst and in a 
short period of time. In view of this study, and given that the PMD ex
hibits turbulent fluctuations in mechanical quantities over a wide spatial 
and temporal spectrum, the periodic turbulent flow generated could also 
lead, in a similar way to bubble fragmentation, to the fragmentation of 
mature MK into small platelets under the control of the mechanical 

strength of the cell membrane (cytoplasmic membrane and demarcation 
membrane system) and the characteristics of the local flow. 

Although not reported until now, these parameters, SA and optimal 
periodic hydrodynamic loading, were already present in the latest de
vices developed. Indeed, to promote efficient platelet release, the 
bioreactor developed by K. Eto required up and down movement 
(350 mm/s) for 3 days and Zhao et al.’s bioreactor required 18 passages 
of MK through the lung [11,26]. 

Conclusion 

To conclude, this device offers many advantages: cGMP compliance, 
low production cost and a process of 80 mL of media per minute. All 
these advantages make the PMD an easy-to-use and inexpensive platelet 
release device that can be easily implemented in any bioreactor. In 
addition, this study also highlighted two new universal parameters that 
appear crucial for optimal platelet release from MK, periodic hydrody
namic load and sufficient shear stress accumulation. 
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