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ABSTRACT 

Engineering Scalable Microenvironments to Enhance Ex Vivo Megakaryocyte Production 

and Platelet Release 

Andres Martinez 

Currently, platelet transfusions, possessing profound clinical importance in the clotting of 

blood and healing of wounds, are entirely derived from human volunteer donors. This 

approach is limited by a 5-day shelf life, the potential risk of contamination, and differences 

in donor/recipient immunology. In vivo, platelets are formed when bone marrow 

megakaryocytes (Mks) extend long, cytoplasmic projections, called proplatelets (proPLTs), 

into the sinusoids where shear forces accelerate proPLT elongation and release platelets into 

circulation. Additionally, platelet formation can occur from trapped Mks in the lung capillary 

bed. Developing a clinically relevant ex vivo platelet production process is limited by (1) 

expansion and differentiation of hematopoietic steam and progenitor cells (HSPCs) into Mks 

and (2) generation of platelet-like-particles (PLPs) from mature Mks. We and others have 

made progress in addressing these challenges yet major limitations remain to deliver a donor-

independent process for ex vivo platelet production.  

 

In the first part of this work, we aimed to further understand ex vivo PLP production from 

Mks through the engineering of novel microfluidic bioreactors that mimic in vivo 

physiological conditions in the bone marrow and lung. Leveraging computational fluid 

dynamics (CFD) modeling to help guide and understand the hydrodynamics of the systems, 
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we developed uniform-shear-rate bioreactors (USRBs) that permit real-time visualization of 

the proPLT formation process and the rapid-release of individual PLPs, which has been 

observed in vivo, but not previously reported for platelet bioreactors. We showed that 

modulating shear forces and flow patterns had an immediate and significant impact on PLP 

generation. By identifying particularly effective operating conditions within a 

physiologically relevant environment, these USRB bioreactors provide a useful tool for the 

study and analysis of proPLT/PLP formation to further our understanding of PLP release.  

 

Critical advancements are needed to improve scalability and increase Mk culture 

productivity. In the second part of this work, we evaluated Mk production from mobilized 

peripheral blood CD34+ cells cultured on a commercially available gas-permeable silicone 

rubber membrane, which provides efficient gas exchange. This technology has been used to 

accelerate the expansion of other cell types, such as T-cells, for cell-based therapies and 

demonstrated scalability. Additionally, we investigated the use of fed-batch media dilution 

schemes since this cell-culture technique was shown to be beneficial for HSPC expansion. 

Our new culture process improved Mk yields by over two-fold while retaining Mk potential 

to make proPLTs and generate PLPs. 

 

Finally, we aimed to improve PLP potential through pharmacological inhibition of the Rho 

GTPases: RhoA, Cdc42 and Rac1. These targets are regulators of the actin cytoskeleton and 

have been implicated in the polyploidization and proPLT formation of Mks. Our goal in this 

study was to enhance ploidy levels and proPLT formation thus increasing PLP yields but 
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overall, we saw limited improvements. The results further underline the lack of 

understanding driving Mk maturation and PLP generation and highlight the need of more 

Mk mechanistic studies of the pathways that regulate the fate of late-stage Mks. 
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CHAPTER 1. Introduction and Background 

1.1. Clinical significance of platelet transfusions 

More than 2 million platelet units are transfused each year in the US alone to treat patients 

with low platelet counts (thrombocytopenia) or defective platelets.[1-4] Platelets are small 

anucleate discoids (2–3 µm) responsible for thrombosis and hemostasis.[5] Patients who 

suffer from thrombocytopenia often do so due to chemotherapy side effects or bone marrow 

failures leading to myelodysplastic syndromes or leukemia.[6] Currently, platelet 

transfusions are entirely dependent on volunteer donors through apheresis or from the buffy 

coats of 4-8 whole blood donations. Hospitals are dependent on a steady supply of platelet 

donors. Disruptions of this supply together with a 5-day shelf-life of platelets can result in 

critical shortages.[7] In addition, because platelets require room temperature storage to 

maintain activity, there is significant risk of bacterial contamination developing prior to 

transfusion.[8] A current Good Manufacturing Practices (cGMP) process for platelet 

production from megakaryocytes (Mks) would allow for better control and characterization 

of transfusion units. This new process could transition the supply from fluctuating donors to 

a steady in vitro process.  Finally, culture-derived platelet production can reduce the risk of 

immunogenic reactions by avoiding the need to pool from multiple donors.[7,9] As such, 

there is great interest in generating platelets ex vivo for transfusions.[10-13] 

 

1.2. Hematopoiesis, megakarypoiesis, and platelet release 

 

Platelet formation begins in the bone marrow, starting with pluripotent hematopoietic stem 

and progenitor cells (HSPCs). These cells undergo differentiation to create different mature 
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blood cells, such as megakaryocytes (Mks). Throughout the Mk differentiation process, cells 

migrate from the osteoblastic niche to the vascular niche (Figure 1.1). There is also a 

gradient of oxygen tension – with hypoxic conditions near the bone and higher O2 

concentrations at the vasculature [14,15].  HSPCs are commonly identified by the CD34 

surface marker. HSPCs acquire CD41, a marker for early commitment to Mk lineage, and 

lose the CD34 marker. Over time, CD42b is gained by maturing Mks. These mature Mks 

and the platelets they produce can be then be identified by CD41+CD42b+ surface markers.  

 

 

Figure 1.1 Mk and platelet generation in vivo. Mks are derived from HSPCs and undergo 

a unique maturation process and polyploidization. Finally, Mks extend proPLTs into the 

bone marrow sinusoids where shear forces from the blood fragment of proPLTs into 

platelets. 

HSPCs Cells

1 Mk progenitor Maturation and 
polyploidization

2 Proplatelet (proPLT) 
formation

3
Platelet release

4

CD34 CD42b

CD42b

Migration across bone marrow
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Mks go through various cycles of endomitosis (polyploidization), without cytokinesis, to 

give rise to high ploidy Mks.[16] In vivo, human Mks with ploidy as high as 128N and a 

modal ploidy of 16N have been observed.[17] It has been noted that higher ploidy cells likely 

generate more platelets.[18] In vitro, the instances of Mks achieving ploidy of  >16N are low 

but the use of small molecules to promote polyploidization has led to higher ploidy 

levels.[19,20] Additionally, Mks  generate and accumulate large amounts of intracellular 

membrane, forming a structure known as the demarcation membrane system (DMS). The 

DMS is believed to serve as a future source of membrane when platelets are released with 

higher ploidy Mks generating more DMS.[21,22]    

 

At the end of maturation, Mks will undergo extensive cytoskeletal rearrangements to create 

proplatelets (proPLTs), which are precursors to platelets. In the bone marrow, Mks 

directionally extend proPLTs into the blood sinuses where shear forces elongate and 

fragment proPLTs into platelets. Based on intravital microscopy studies, shear stress in the 

bone marrow sinusoids (1.3 – 4.1 dynes/cm2) aids in shedding proPLTs from Mks.[23] High 

shear stress in the lung capillary bed can also process Mks into platelets[24-27], showing 

that a wide range of shear stresses could be used for in vitro platelet production. Mks also 

experience trans-endothelial gradients that may regulate proPLT formation. For example, 

the chemoattractant stromal derived factor-1α (SDF-1α) drives Mk migration towards the 

bone marrow sinusoids.[28] Sphingosine-1-phosphate (S1P), found in the blood, binds to 

the S1P receptor on Mks and can induce directional platelet release.[29] A second model by 

which Mks make platelets observes a rapid fragmentation process that releases platelets 
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without the propPLT formation step.[12,30] Transmission electron micrographs have shown 

that distinct platelet territories exist within mature Mks and fragmentation of the Mk 

cytoplasm would release the platelets.[31,32] Intravital microscopy studies of mice bone 

marrow showed Mks rapidly releasing platelets from the cytoplasm into blood vessels in 

response to acute platelet needs.[33]   

 

1.3. Current state of ex vivo Mk and platelet-like-particle (PLP) production 

The ability to generate large numbers of Mks from CD34+ hematopoietic stem and 

progenitor cells (HSPCs) has improved, now up to 1 – 100 Mks produced per input 

CD34+.[34] Media conditions and cytokine combinations are continuously being optimized 

to increase Mk numbers. Culture processes also increase the pH and pO2 during culture to 

shift cells from a proliferative, progenitor state to the maturation stage.[35,36]  Elevated 

temperature has also been shown to be beneficial for Mk maturation.[37,38] Mks can be 

derived from either umbilical cord blood (CB)  or mobilized peripheral blood (mPB) 

HSPCs.[39-42] Also, iPSC were used to generate Mk cell lines to produce functional 

platelets.[43] HSPC expansion has been studied in 2D static cultures, perfusion chambers, 

stirred tank bioreactors, and fixed bed reactors.[44,45] Besides the 2D static cultures, the 

other technologies have not been evaluated specifically for Mk production. Recently, a 

rotary cell culture system (RCCS) that keeps cells in a continuous free falling 3D 

environment was used to enhance the expansion of CD34+ cells into PLP-producing 

Mks.[46] The RCCS generated higher number of CD41+CD42b+ Mks, higher ploidy Mks, 

and higher yield and population of CD41+CD42b+ PLPs compared to static controls. 
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Despite the increasing numbers of Mks produced in vitro, the number of Mks making 

proPLTs is ~10 – 20% and the number of PLPs generated per Mk remains low. In vivo 

estimates of platelet production are >1000 platelets per Mk [24]; in comparison, in vitro 

studies report <100 PLPs per Mk.[34,47] This low efficiency prevents the generation of 

clinically relevant numbers of platelets. Many groups, including the Miller Lab, are 

investigating the use of bioreactors to study and enhance ex vivo platelet release from mature 

Mks. These systems, largely microfluidic-based, have incorporated different aspects of the 

bone marrow niche, such as stiffness, binding proteins of the extra cellular matrix (ECM), 

and the presence of shear forces[48-50]. The collected PLPs from these systems have shown 

functionality in vitro. Recently, turbulence has been identified as another key environmental 

parameter that promotes ex vivo PLP production.[51] In the final step of the process, the 

separation of released PLPs from Mks is essential to generate a purified product of only 

PLPs. The Miller Lab previously showed that to separate Mks from PLPs, a commercially 

available spinning membrane filtration process could be used.[52] A membrane with pore 

sizes of 4 µm was able to obtain a clean PLP fraction that retained functionality.  

 

1.4. Rho GTPases regulate the cytoskeleton and impact Mk maturation and proPLTs 

The cytoskeleton plays a key role in the maturation of Mks by allowing them to generate 

proPLTs and platelets. The cytoskeleton is composed of intermediate filaments, actin fibers 

and tubulin assembled into microtubules. Pharmacological inhibition of actin and tubulin 

polymers have elucidated their importance in Mk maturation and proPLT formation. 

Cytochalasin B reduced actin polymerization but it did not prevent proPLT formation, 
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though proPLT branching was reduced.[53] Mks produced thick proPLTs and fewer 

extensions in the presence of taxol, a microtubule stabilizing drug.[53] Nocodazole 

prevented microtubule polymerization but studies showed proPLT elongation did not appear 

to depend on microtubule polymerization.[54] Instead, dynein-dependent microtubule 

sliding drives proPLT elongation and inhibition of dynein motors reduced proPLT formation 

in static and flow conditions.[55]  

 

One important group of proteins that regulate the actin cytoskeleton are RhoA, Cdc42 and 

Rac1 GTPases (Figure 1.2). The activity of these Rho GTPases has been shown to impact 

Mk ploidy and proPLT formation.[56] RhoA is associated with stress fiber formations, focal 

adhesions, and regulation of actomyosin contraction.[57] RhoA activity has a negative 

impact on proPLT formation due to stress fibers and focal adhesion formations.[58] 

Inhibition of ROCK, a downstream effector of RhoA, increased proPLT formation.[59] 

Another RhoA effector, mDia1, was also implicated as a negative regulator of proPLT 

formation through its actin polymerization role and its impact on microtubule stability. Co-

inhibition or knockout of mDia1 and ROCK showed an additive increase in proPLT 

formation.[60] RhoA is associated in the late cytokinesis step for cell division and reduced 

RhoA activity leads to higher ploidy Mks.[61] Mice lacking RhoA had lower number of Mks 

but achieved a higher modal ploidy.[62]  
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Figure 1.2 Overview of Rho GTPases regulation on the cytoskeleton. Figure summarizes 

key effectors and outcomes of the pathways for RhoA, Cdc42 and Rac1. 

 

Cdc42 activity has been linked to filopodia (finger-like projections) formation in cells[63] 

and it is thought that the protrusion forces that Cdc42 regulates drives proPLT formation. 

One of Cdc42’s effectors is the Wiskott-Aldrich Syndrome Protein (WASP) which functions 

as an actin nucleator in conjunction with the Arp2/3 complex.[64] Conditional knockout 

studies of Cdc42 in mouse Mks revealed mild thrombocytopenia, reduced DMS and 

reduction of proPLTs in vitro.[65] Yet, platelets from these studies were still able to 

normally spread on fibrinogen in the presence of thrombin.  

 

Rac1 localizes to the leading edge of a cell and it is associated with the formation of 

lamellipodia (membrane protrusions).[66] Rac1 interacts with WAVE (a WASP family 

Verprolin‐homologous protein) to drive actin nucleation and polymerization through 
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interaction with the Arp2/3 complex.[67,68] Conditional knockout of Rac1 in mice showed 

Mks with normal DMS, proPLTs formation comparable to the wild type, and no impact to 

blood platelet counts.[65] However, these platelets were not able to form lamellopdia or 

spread on fibrinogen after thrombin addition.[65,69] Several studies on different cell lines 

have shown that Rac1 is required for cell division and cells with dominant negative Rac1 

can attain a higher DNA content.[70-73] A conditional knockout of Pak2 (effector of Rac1 

and Cdc42) led to higher ploidy Mks but decreased proPLT formation, along with reduced 

DMS.[74]  Double conditional knockouts of Rac1 and Cdc42 in mice showed severe 

thrombocytopenia, reduced DMS, near loss of proPLT formation, no impact to ploidy, 

abnormal platelet morphology, and reduced functionality of platelets.[65] These studies 

show the importance of Rac1 and Cdc42, and their potential impact to Mk maturation, 

proPLTs and ploidy.  

 

1.5. Goals for this work 

In this work (Figure 1.3), we aimed to improve our understanding of in vitro PLP production 

from Mks and develop culture processes to improve Mk and PLP yields by: 

1) Engineering microfluidic bioreactor systems to study and enhance proplatelet (proPLT) 

and PLP formation (Chapters 2-4). Recent studies have demonstrated the utility of shear 

forces to enhance platelet release from cultured Mks. We performed computational fluid 

dynamics (CFD) analysis of several published platelet microbioreactor systems to design 

improved microfluidic systems to study PLP generation. 
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2) Evaluate scalable technologies for use in HSPCs expansion into mature Mks (Chapter 5). 

Developing cell-culture technologies will enable ex vivo and donor-independent platelet 

production. However, critical advancements are needed to improve scalability and increase 

Mk culture productivity. To address these needs, we evaluated Mk production from 

mobilized peripheral blood CD34+ cells cultured on a commercially available gas-permeable 

silicone rubber membrane, which provides efficient gas exchange, and investigated the use 

of fed-batch media dilution schemes. 

  

3) Use Rho GTPase inhibitors for RhoA, Rac1 and Cdc42 to optimize proPLT formation and 

increase PLP yields (Chapter 6). These GTPases regulate the actin cytoskeleton and have 

been linked to Mk maturation and proPLT formation.[75] The impact of the inhibition will 

be studied in static and shear conditions from microfluidic systems designed in Chapter 2. 

 

Figure 1.3 Overview of the goals for this work.  
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CHAPTER 2.  Using computational fluid dynamics (CFD) to design and characterize 

an improved microfluidic platelet bioreactor with uniform-shear rates  

This chapter is part of a published study[76]:  

• Martinez AF, McMahon RD, Horner M, Miller WM. A uniform‐shear rate 

microfluidic bioreactor for real‐time study of proplatelet formation and rapidly‐

released platelets. Biotechnology Progress. 2017;33(6):1614-1629.  

 

2.1 Introduction 

A major challenge in the development of platelet bioreactors is that much remains unknown 

about the ex vivo initiation and regulation of proPLT formation, as well as how to maximize 

PLP release. The importance of shear forces has led many groups, including the Miller Lab, 

to investigate the use of bioreactors to study proplatelet (proPLT) formation and enhance 

platelet-like-particle (PLP) release from mature megakaryocytes (Mks) (Figure 2.1).[77] 

Parallel-plate flow reactors (PPFRs) are the simplest bioreactors that have been used to study 

proPLT/PLP formation from adhered Mks under high (1800 s-1)[78] and low (400 s-1) shear 

rates.[79] However, it is difficult to carry out long-term analysis of individual Mks due to 

transient adhesions as Mks roll over the PPFR surface. Blin et al. improved on open-channel 

PPFRs by introducing an array of vWF (Von Willebrand factor)-coated columns in 

bioreactors.[48] The anchoring of Mks to columns, at a shear rate of 5000 s-1, allowed longer 

Mk retention for analysis and study of the proPLT formation step. Complex niche 

bioreactors occupy the other end of the bioreactor spectrum. For example, a 3D silk-based 



30 

porous microtube surrounded by a silk sponge reproduced the structure of a blood sinus and 

the bone marrow niche.[49,80] Using a shear rate of 60 s-1, the system reproduced PLP 

production in a physiologically relevant environment, but real-time visualization was 

challenging. Therefore, insight into the factors that regulate proPLT formation and PLP 

release could be limited since immediate changes to the proPLT formation process cannot 

be analyzed. Similar limitations in real-time visualizations are present for the Avanzi et al. 

porous membrane system through which Mks extended proPLTs into a lower chamber with 

shear rates of 30 – 70 s-1.[81]  

In contrast, slit bioreactors, which use small features to create < 10-µm openings that mimic 

gaps or fenestrations in endothelial cells lining sinuses in the bone marrow, offer the 

advantage of in situ study and analysis of proPLT and PLP formation that is difficult in the 

other types of bioreactors. Nakagawa et al.[82] used a 4-µm slit bioreactor with unspecified 

shear rates and Thon et al.[50] introduced a 2-µm slit bioreactor with a shear rate of 500 s-1. 

Although the PDMS-based fabrication of these slit bioreactors facilitate the opportunity to 

visualize the proPLT formation process in real-time, the flow patterns and shear rates within 

current systems have not been fully characterized. Developing an understanding of the 

bioreactor flow environment is important since non-uniformity in the flow patterns would 

lead to Mks experiencing different shear rates depending on slit location.   

 

We applied computational fluid dynamics (CFD) to assess the flow environment of 

published slit bioreactors and showed that they generate largely non-uniform environments 

that could expose Mks to different shear rates based on locations. We then used those results 
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to develop an improved slit bioreactor with a well-characterized flow environment and 

uniform shear profiles across all the 7-µm slits (USRB-7µm). In the USRB-7µm, we 

performed simulations with cells present at the slits and complete blockages of slits to 

understand changes to the flow environment. Future work focused on introducing Mks into 

the USRB-7µm and assessing proPLT and PLP generation (see Chapter 3).  

 

 

Figure 2.1 Shear rates of published platelet bioreactors. (A) Shear rate range that 

proPLTs experience within published bioreactor systems and this work. (B) Maximum shear 

rates that Mk bodies would experience within cell-free published bioreactor systems. The 
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maps show the wide spectrum of shear rates that have been studied in bioreactors, as well as 

in vivo values for bone marrow sinusoids[83] and the lung[84].  

 

2.2 Materials and methods 

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich (St. Louis, MO), 

and cytokines from Peprotech (Rocky Hill, NJ). 

 

2.2.1 CFD modeling 

A summary of platelet slit bioreactors published to date is provided in Table 1. A description 

of the system and operation, as well as key dimensions, is given for each bioreactor. The slit 

bioreactor simulations were carried out using ANSYS version 16.1 (Canonsburg, PA) that 

includes the computational fluid dynamics solver FLUENT. The 3D models were created in 

Autodesk Inventor Professional software 2015 (San Rafael, CA). The files were converted 

to Parasolid binary text in Inventor and then imported into ANSYS Design Modeler. A mesh 

was then created for each system, in which the geometry is discretized into small volumes 

(elements) where the CFD calculates an approximate solution to the discretized form of the 

governing equations. The mesh for each individual system was optimized to yield a 

converging solution that is mesh-independent. The acceptance criteria used was a change in 

the predicted CFD velocity of no more than 5% from the previous converged solution. 

Boundary conditions were no-slip at the walls, constant inlet velocity, and default gauge 

pressure of 0 Pa at the outlet. The velocity input into each system was determined from the 
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volumetric flow rate and the dimensions specified by the authors. FLUENT was used to 

solve the steady-state form of the Navier-Stokes Equation (Eq. 2.1) for an incompressible 

Newtonian fluid subjected to the specified flow conditions. The convergence tolerance for 

all simulations, which is the normalized residual for each degree of freedom, was set to 10-

3.  The overall methodology is shown in Figure 2.2.  

𝜌 (𝑣⃗  ∙  𝛻⃗⃗𝑣⃗) =  −𝛻⃗⃗𝑃 +  𝜇𝛻⃗⃗2𝑣⃗  Eq. 2.1 

          𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑘𝑔

𝑚3
] , 𝑣 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 [

𝑚

𝑠
] , 𝜇 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 [𝑃𝑎 • 𝑠, ] 𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑃𝑎] 

Overall, the flow rates and designs lead to laminar flow conditions inside the bioreactors, 

such that viscous forces dominate inertial forces. Thus, the viscosity of the media used for 

perfusion through the systems and the operating temperature have a substantial impact on 

the expected shear forces within the bioreactors. Table 2 shows our viscosity measurements 

for different media at 37°C. The measured fluid viscosity was used in the simulations. 

All simulations for the systems were run with the following computer and software settings:  

Computer Specs: Dell Precision T1700, Intel® Core™ i7-4790 CPU @ 3.60GHz, 32GB 

RAM, 64-bit, Windows 10 Pro 

FLUENT Settings:  

Solver: 3D, double-precision, pressure-based, parallel (8 processors)  

Time: steady-state 

Pressure-Velocity Coupling Scheme: Simple 

Discretization: Second-order upwinding 



 

Ref System Operation Key Dimensions Process Flow Diagram 

[82] 

Dual-flow system made with glass 

bottom and PDMS chamber. Mks are 

captured into channels that have slit 

openings. One flow pushes the Mks into 

the slits and a second flow creates shear 

on the proPLTs through the slits. The 

slit flows are at a 60o angle. 

 

h = 50 µm 

w1 = 13 mm 

w2 = 3.8 mm 

l = 25 mm 

d1 = 4 µm 

d2 = 12 µm  

 

[50] 

Dual-flow system made with glass 

bottom and PDMS chamber. Mks are 

introduced into the upper chamber 

where Mks occupy a series of slits. A 

second flow on the bottom chamber 

creates shear on the proPLTs extended 

through the slits. 

 

h = 30 µm 

w = 130 µm 

l = 1.305 mm 

d1 =   10 µm 

d2 =   90 µm 

d3 =   2 µm  
 

This 

work 

Dual-flow system made with glass 

bottom and PDMS chamber. Mks are 

introduced into the center channel, at the 

end of which a series of posts captures 

Mks at slits.  A second flow splits into 

two flows that then converge at 90o at 

the outer surface of the posts to create 

shear on the extended proPLTs. 

h = 40 µm 

w1 = 3.5 mm 

w2 = 0.707 mm 

w3 = 0.5 mm 

w4 = 0.354 mm 

w5 = 0.5 mm 

w6 = 0.9 mm 

l = 12 mm 

r = 30 µm 

d = 7 µm  
 

Table 2.1 Operation and details of slit platelet bioreactors 

PDMS – Polydimethylsiloxane 

3
4
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Figure 2.2 Methodology behind the CFD simulations. 

 

 

 

Table 2.2 Viscosity measurements conducted with a Cannon-Fenkse viscometer.  

 IMDM IMDM + 20% BIT IMDM + 10% FBS 

Viscosity 

dynes-s/cm2 
0.0082 +/- 0.00008 0.0088 +/- 0.00005 0.0083 +/- 0.00005 

System Used Nakagawa et al.  This work -- 

Thon et al. provided their own media measurement of 0.012 dynes-s/cm2.[50] 
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2.2.1.1 Methodology for Nakagawa et al.[82] 

First, the minimum element size was specified for the entire geometry. Next, the geometry 

was subdivided into two parts: Body and Slits. Using this approach, the 4-μm slits could be 

assigned a specific element size that could sufficiently resolve these small regions. The top 

and bottom chambers (Body) were assigned identical element sizes. The element size for the 

slits matched the minimum element size for the entire geometry. The mesh was further 

refined by reducing the slit’s element size as part of the mesh-independence study. This 

approach avoids creating an excessive number of elements in the body region that are not 

needed, while resolving additional detail in the slit region. The final mesh-independent 

system and mesh settings are shown in Figure 2.3A. This bioreactor system contains a 

primary flow that pushes Mks into the 4-μm slits and a second flow that shears off proPLTs 

from Mks. Both flow rates are 16.7 μL/min, which corresponds to an inlet velocity of 5.85 

cm/s. Velocity analysis of the Nakagawa et al. system focused on the flow patterns in the 

slits as well as the net flow along the length of the reactor (Figure 2.3B).  
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Figure 2.3 CFD analysis for Nakagawa et al. bioreactor.  (A) Mesh settings used to 

generate the displayed mesh. The geometry has been slightly rotated to show the depth and 

elements across the slits. (B) Velocity profile of the reactor with insets of specific regions in 

the system. Inlet flow rate = 16.7 μL/min for each channel. White arrows indicate direction 

of flow. 

A 

B 
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2.2.1.2 Methodology for Thon et al. [50] 

Similar to the approach mentioned for Nakagawa et al., the distribution of the elements in 

the computational mesh for the Thon et al. system was refined in the region of the slits and 

coarser in the parallel flow channels. The mesh was further refined by sequentially reducing 

the element size in the slits. The final mesh-independent system and mesh settings are shown 

in Figure 2.4A. The 2-μm slits connect parallel channels where the inlet flow rate for each 

channel was set to 6.25 μL/h (total combined inlet flow rate 12.5 μL/h) corresponding to an 

inlet velocity per channel of 0.965 cm/s. Velocity analysis of the Thon et al. system focused 

on the slits and along the length of the reactor (Figure 2.4B).  
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Figure 2.4 CFD analysis for Thon et al. bioreactor.  (A) Mesh settings used to generate 

the displayed mesh. The geometry has been slightly rotated to show the depth and elements 

across the slits. (B) Velocity profile of the bioreactor. Combined inlet flow rate = 12.5 μL/hr. 

White arrows indicate direction of flow. 

 

A 

B 
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2.2.1.3 Methodology for uniform-shear rate bioreactor (USRB-7µm) 

Initially, the whole system, as shown in Figure 2.5A was cropped to only focus on the slit 

region, see Figure 2.5B. This approach minimized the number of elements needed to analyze 

the system since the cropped-out regions are simple straight channels and allowed for 

refinement to occur mainly in the slit region. Unlike the method presented for Nakagawa et 

al. and Thon et al., the bioreactor was not separated into regions – Body and Slits. Rather, 

the proximity method in the ANSYS meshing software was used to increase the mesh 

resolution in the slits. The proximity method can be used to set the minimum number of 

element layers within gaps, e.g., slits in the bioreactor. Thus, the slits, separated by columns, 

can be further refined. The minimum element size and proximity size can be specified. The 

minimum number of element layers (number of cells across gap) further subdivides the mesh 

in tight regions. The number of cells across each gap was increased along with a reduction 

in the minimum element size, to further refine the mesh. The final mesh-independent system 

and mesh settings are shown in Figure 2.6A.  

 

The bioreactor system contains a primary flow down the center channel that pushes Mks into 

the 7-μm slits and an outer channel flow that shears off proPLTs from Mks. The center 

channel flow rate and the combined outer channel flow rate are both 1.5 μL/min. Since the 

geometry was cropped, the input velocity of the center channel is set to 0.0694 cm/s (V1 in 

Figure 2.5B) and the outer channel to 0.0625 cm/s (V2 in Figure 2.5B).  The velocity 

analysis of the USRB-7µm focused around the slits (Figure 2.6B). The range of shear 



41 

stresses across the slits is shown in Figure 2.7. Only half of the slits are presented since there 

is symmetry across the reactor and the other slits would have similar shear stress ranges.  

 

Figure 2.5 Schematic of the new uniform-shear rate bioreactor (USRB-7µm). Entire 

bioreactor (A) and cropped region in the center to isolate the slit area (B). 

 

Figure 2.6 CFD analysis for uniform-shear rate bioreactor (USRB-7µm).  (A) Mesh 

settings used to generate the displayed mesh. The geometry has been slightly rotated to show 

the depth and elements across the slits. (B) Velocity profile of the reactor. Center channel 

A 

B 

A B 
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inlet flow rate = 1.5 μL/min and outer channels inlet flow rate = 0.75 μL/min each. White 

arrows indicate direction of flow. 

 

Figure 2.7 Individual slit shear stress range for uniform-shear rate bioreactor (USRB-

7µm). (A) Shear stress profile for the reactor. Numbers represent slits. Inset shows the area 

of the slit that was designated high or low shear. (B) Range of shear stress values for all the 

slits. Center channel inlet flow rate = 1.5 μL/min and outer channels inlet flow rate = 0.75 

μL/min each. Log-scale. White arrows indicate direction of flow 

 

 

 

 

A B 
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2.2.3 Bioreactor fabrication 

A 2D design of the bioreactor was created in AutoCAD 2014 (San Rafael, CA) and then 

printed onto a chrome mask (Front Range Photomask, Palmer Lake, CO). A silicon wafer 

(WRS Materials, San Jose, CA) was spin-coated with SU8-2035 photoresist (MicroChem 

Corp, Westborough, MA) at 4000 RPM for 30 s to achieve a photoresist height of 40 µm. 

The wafer was soft-baked at 65°C for 3 min and then hard-baked at 95°C for 6 min. 

Afterwards, the wafer was exposed to UV light for 17 s using a Karl Suss MA6 Mask Aligner 

(SUSS MicroTec, Garching, Germany). The exposed resist was then baked at 95°C for 6 

min. Finally, the resist was developed using SU8 developer solution (MicroChem) for 2 min 

and dried with a nitrogen gun. The dry wafer was silanized overnight (5 µL of 1H,1H,2H,2H-

perfluorooctyltrichlorosilane; Alfa Aesar, Ward Hill, MA) in a vacuum chamber. Next, a 

1:10 curing agent to polydimethyl siloxane (PDMS) solution (Slygard 184 Kit; Electron 

Microscopy Sciences, Hatfield, PA) was poured over the wafer to cast a mold that was placed 

in an oven at 65°C overnight. The PDMS mold was then cut, holes for inlets and outlets 

created with a 2-mm punch, and the PDMS plasma-bonded (Model BD-20; Electro-Technic 

Products, INC, Chicago, IL) to an ethanol-cleaned premium plain glass slide (25 x 75 x 1 

mm; VWR, Radnor, PA). 
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2.3. Results  

2.3.1 CFD modeling of shear rates within slit bioreactors 

We used CFD to evaluate the flow and shear conditions within several slit bioreactors (Table 

1). CFD analysis of the Nakagawa bioreactor (Figure 2.3), which uses 4-μm slits,[82] 

predicts slit shear rate that ranges from 400 s-1 near the inlet to 30,000 s-1 near the outlet 

(Figure 2.8A). The calculated shear rate on proPLT extensions in the lower chamber ranges 

from 200 s-1 near the inlet up to 6000 s-1 near the outlet (Figure 2.8A). Additionally, 

simulations predict a net flow from the lower chamber into the upper chamber near the 

bioreactor inlets (Figure 2.3B). Based on this CFD analysis, the flow and shear environment 

varies significantly across the bioreactor (Figures 2.8A, 2.3B, Figure 2.9). 

 

Thon et al. analyzed their 2-μm slit reactor using CFD.[50] We also provide a CFD analysis 

of their system (Figure 2.4). Consistent with Thon et al., our simulations showed that the 

shear rate in the slits increases from the inlet towards the outlet of the bioreactor. The 

calculated shear rate in the open slits ranges from 5000 s-1 at the inlet to 7500 s-1 at the outlet 

(Figure 2.8B). Our calculated shear rate below the slits, along the lower channel wall, ranges 

from 250 s-1 near the inlet to 500 s-1 at the outlet (Figure 2.8B), similar to that reported by 

Thon et al.[50] This reactor provides a more uniform shear profile compared to that of 

Nakagawa et al. However, there is still an increase in slit-shear rates towards the bioreactor 

outlet (Figures 2.8B, Figure 2.10).  
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Figure 2.8 CFD analysis of the published slit bioreactors. (A) Shear profile of Nakagawa 

et al. system.[82] Inlet flow rates = 16.7 µL/min. (B) Shear rates in the Thon et al. 

B 

A 
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system.[50] Inlet flow rate for each channel was set to 6.25 μL/h (total combined inlet flow 

rate 12.5 μL/h). White arrows indicate the flow direction. Insets of both systems are shown 

for details around the slit channels that Mks occupy (insets rotated to show all the channel 

walls). 
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Figure 2.9 Individual slit shear stress range for the Nakagawa et al. bioreactor. (A) 

Shear stress profile for the reactor. Inset shows the area of the slit that was designated high 

or low shear.  (B) Range of shear stress values for selected slits. Inlet flow rate = 16.7 μL/min 

for each channel. White arrows indicate direction of flow. 

A 

B 
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Figure 2.10. Individual slit shear stress range for the Thon et al. bioreactor. (A) Shear 

stress profile for the reactor. Numbers represent all the slits. Inset shows the area of the slit 

that was designated high or low shear.  (B) Range of shear stress values for all the slits. Inlet 

flow rate = 12.5 μL/hr. White arrows indicate direction of flow. 
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2.3.2 CFD-Driven design and assessment of a uniform-shear-rate bioreactor 

A thorough CFD analysis was conducted on potential new slit bioreactor designs to avoid 

the CFD-predicted non-uniform flow and shear profiles of current slit bioreactors. In our 

optimized bioreactor system, Mks enter a center channel where a V-shaped array of twenty 

7-μm slits separates the Mks from outside flows converging at 90o (Figures 2.5, 2.6, 2.11). 

The slit dimension was chosen to retain mature Mks – usually >20 μm – and to prevent large 

pressure drops and flow stagnation. The height of the bioreactor was chosen to be 40 μm, 

similar to blood sinusoid dimensions.[83] To experimentally visualize and confirm flow 

patterns in the system, 1-μm fluorescent beads were used to map the streamlines of the cell-

free system, and showed good agreement with the CFD streamlines (Figure 2.12). Uniform 

shear profiles across and downstream of the slits were confirmed through CFD simulations 

of the cell-free system. For center channel and combined outer channel flow rates of 1.5 

μL/min each, the 7-µm slits have a maximum calculated shear rate of 5000 s-1, except for a 

maximum shear rate of 2800 s-1 for the two slits at the end of the V where the flow in the 

outer channels converges (Figure 2.7, 2.13A and B). ProPLTs extending through the slits 

would experience a shear rate range from 100-200 s-1 (past the slits in the open channel) 

(Figure 2.13A and B). Increasing the combined outer channel flow rate to 5 μL/min did not 

affect the shear rate through the slits (maximum remained 5000 s-1), but the shear rate that 

would be experienced by proPLTs increased to 250-350 s-1 (Figure 2.13C, D). Therefore, 

the USRB-7µm allows Mks trapped at the slits and extending proPLTs to experience similar 

shear rates regardless of location within the bioreactor. 
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Figure 2.11 Design concept of USRB-7µm and experimental set up. (A) The newly 

designed system uses an array of 7-µm slits to capture Mks. Outside flows converge at the 

slits to apply shear forces on extending proPLTs. (B) Two syringe pumps are used for the 

bioreactor operation, allowing for independent flow rate changes to the center and outer 

channels. The bioreactor is positioned over a microscope equipped with real-time imaging 

in brightfield and green fluorescence. The entire system is placed inside an incubator at 

37°C, 20% O2, and 5% CO2. (C) Cell-free fabricated bioreactor. Scale bar = 50 μm. 
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Figure 2.12 Qualitative validation of USRB-7µm flow profiles. Comparison of streamline 

plots from the (A) CFD simulations and (B) experimental flow visualizations using 1-μm 

fluorescent beads. The flow rate is 1 μL/min in the center channel and in the combined outer 

channels. White arrows indicate the flow direction. Scale bar = 50 μm. 

 

 

A 

B 
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Figure 2.13 Shear rate analysis of cell-free USRB-7µm. Shear rates in the entire slit region 

(A) and close-up view of individual slits (B) for 1.5 μL/min flow rates in the center and 

combined outer channels. Shear rates through the entire region (C) and details for individual 

slits (D) for a flow rate of 1.5 μL/min in the center channel with 5 μL/min in the combined 

outer channels. White arrows indicate the general flow direction. Estimated shear rates on 

proPLTs (dashed lines) are within 100 µm from the slits.  
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2.3.3 Understanding shear forces in the presence of cell blockages 

Cell-blockage scenarios for the slits were simulated using CFD, with a center channel flow 

rate of 1.5 μL/min and a combined outer channel flow rate of 5 μL/min. First, 20-µm sized 

spheres were modeled just upstream of slits (i.e., partial blockage). The simulations predict 

that these cells would experience a shear rate of 1500-3000 s-1 (Figure 2.14). Second, the 

system was modeled with only 2 open slits by completely blocking the remaining 18 slits. 

ProPLTs extending past the slits are expected to experience a shear rate of 100-900 s-1 

(Figure 2.15A). The shear rate is the highest (900 s-1) near the 2 open slits where the velocity 

is the highest (Figure 2.15A, B). The lowest shear rate (100 s-1) occurs upstream of the open 

slits where it appears that the flow from the open slit is re-directing the outside flow away 

from the slits (Figure 2.15A, B). Finally, similarity between the simulation streamlines and 

experimental streamlines was confirmed using cells and 1-μm fluorescent beads (Figure 

2.15B vs 2.15C). Thus, CFD can help understand the flow profile, as well as estimate the 

shear rates, in the USRB-7µm when Mks are trapped at the slits.  

 

 

 

 

 



54 

 
 

Figure 2.14 Shear analysis using 20-µm spheres near the slits (2-µm gap size upstream 

of posts). Center of spheres are placed at the center of the bioreactor height (z = 20 µm). 

Shear rates through the entire region (A) and details for individual slits (B) for a flow rate of 

1.5 μL/min in the center channel with 5 μL/min in the combined outer channels. White 

arrows indicate the flow direction. Estimated shear rates on cells designated by (*). 

Estimated shear rates on proPLTs (dashed lines) are within 100 µm from the slits. 
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Figure 2.15 Modeling cell blockage of USRB-7µm slits.  (A) Shear rates after blocking all 

but 2 of the slits. (B) Velocity streamlines of a system with 2 open slits. (C) Visualization of 

the system dynamics with fluorescent beads and Calcein-stained cells. Simulation and 

experimental flow rates were 1.5 μL/min in the center channel with a combined flow of 5 

μL/min in the outer channels. White arrows indicate the flow direction. Estimated shear rates 

on proPLTs are within 100 µm from the slits. Scale bar = 50 μm. 

A 

B 

C 
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2.4 Discussion 

CFD modeling has been used to analyze numerous biotechnology processes[85], as well as 

microfluidic-based systems.[86] Using CFD to guide platelet bioreactor design, analyze 

forces on Mks, and examine bioreactor performance could greatly advance the design of 

platelet bioreactors – for which CFD has been minimally applied to-date. In this study, we 

used CFD to evaluate published slit bioreactors and develop a USRB-7µm design with 

improved flow and shear uniformity. The 4-µm slit bioreactor introduced by Nakagawa et 

al. had no specified shear rates.[82] Therefore, we proceeded to evaluate the Nagakawa et 

al. system with CFD. Shear rates on proPLTs (along the length of the bioreactor) were within 

the sinusoids range (200 s-1) and above physiological rates (6000 s-1), depending on the 

location. However, the shear rate within the 4-µm slits where Mks would be trapped had a 

much higher range of 400 – 30,000 s-1. The substantial non-uniformity of shear rates along 

the bioreactor length might make it difficult to study proPLT/PLP formation real-time since 

Mks at different regions of the bioreactor would experience substantially different 

microenvironments.  

 

The 2-µm slit bioreactor developed by Thon et al. had a narrower range of shear rates than 

Nakagawa et al.[50] The authors used CFD to analyze their system and reported a shear rate 

of ~500 s-1. Our CFD outputs showed that, along the length of the bioreactor, proPLTs would 

experience shear rates from 250-500 s-1, confirming the author’s findings, and that the slit 

shear rates ranged from 5000-7500 s-1. Additionally, Thon et al. provided real-time 

visualization of the proPLT formation process. However, the shear rates within the slits 
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showed a steady increase along the bioreactor so that Mks trapped at various slits would be 

exposed to different shear rates. 

CFD analysis of the Nakagawa et al. and Thon et al. systems suggests the shear rate across 

slits increased along the bioreactor from the inlet to the outlet. This can be attributed to the 

design of the systems in which two parallel-like flows are separated by slits and where the 

top flow (pushing on the Mks) is re-directed into the lower channel at the end of the 

bioreactor length (Table 1). To avoid generating this increase of shear rates across the slits, 

our new design instead converged the two outer flows at a 90° V-shaped region. This 

arrangement allowed the center channel flow to push whole-Mk bodies into the 7-µm slits 

with similar maximum shear rates of 5000 s-1. The outer flow converges at the slits and 

exerts nearly uniform shear rates (250-350 s-1) on extending proPLTs. Mks exiting the bone 

marrow sinusoids can be trapped in the vascular bed of the lung where high shear forces are 

exerted on the whole-cell body and on proPLTs[26,27], thus, we also aimed to utilize high 

shear forces on Mk bodies and physiological shear on the proPLTs. We extended our CFD 

analysis to include cell-blockages within the slits and confirmed the flow patterns 

experimentally to understand behavior of an occupied bioreactor and to estimate anticipated 

shear rates on proPLTs (100-900 s-1). Next, USRB-7µm studies with Mks will increase 

understanding of proPLT/ PLP formation and reveal important variables and operating 

parameters through which ex vivo platelet production can be increased.  
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CHAPTER 3.  A uniform-shear rate microfluidic bioreactor for real-time study of 

proplatelet formation and rapidly-released platelets 

This chapter is part of a published study[76]:  

• Martinez AF, McMahon RD, Horner M, Miller WM. A uniform‐shear rate 

microfluidic bioreactor for real‐time study of proplatelet formation and rapidly‐

released platelets. Biotechnology Progress. 2017;33(6):1614-1629.  

 

3.1 Introduction 

Stimulating a high percentage of megakaryocytes (Mks) to undergo platelet release ex vivo 

remains a major challenge.  Recent studies have demonstrated the utility of shear forces to 

enhance platelet release from cultured Mks. We applied computational fluid dynamics 

(CFD) to assess the flow environment of published slit bioreactors and used those results to 

develop an improved slit bioreactor with a well-characterized flow environment and uniform 

shear profiles across all the 7-µm slits (see Chapter 2). This uniform-shear-rate bioreactor 

(USRB-7µm) allows for the real-time visualization of proplatelet (proPLT) formation. 

Furthermore, the environment within the USRB-7µm promotes the rapid release of 

individual PLPs from Mks, which has been reported in vivo in mice [33], but not reported in 

previously published slit bioreactors that have used mouse-derived or human-derived 

Mks.[50,82]  
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We showed that modulating shear forces and flow patterns had an immediate and significant 

impact on PLP generation. Surprisingly, using a single flow instead of dual flows led to an 

unexpected 6-fold increase in PLP production. Computational fluid dynamics (CFD) 

modeling was then used to further understand the associated changes in the flow 

environment. By identifying particularly effective operating conditions within a 

physiologically relevant environment, the USRB-7µm, coupled with CFD, will be a useful 

tool for the study and analysis of proPLT/PLP formation that will further understanding of 

how to increase ex vivo platelet release.  

 

3.2 Materials and methods 

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich (St. Louis, MO), 

and cytokines from Peprotech (Rocky Hill, NJ). Antibodies for flow cytometry analysis from 

BD Biosciences. LSR II (BD Biosciences, San Jose, CA) flow cytometer was used to collect 

data and analysis was done using FlowJo v.10 (FlowJo LLC, Ashland, OR). 

 

3.2.1 CFD modeling 

The USRB-7m simulations were carried out using ANSYS version 16.1 (Canonsburg, PA) 

that includes the computational fluid dynamics solver FLUENT. The 3D models were 

created in Autodesk Inventor Professional software 2015 (San Rafael, CA). The files were 

converted to Parasolid binary text in Inventor and then imported into ANSYS Design 

Modeler. A mesh was created in which the geometry is discretized into small volumes 

(elements) where the CFD calculates an approximate solution to the discretized form of the 
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governing equations. The mesh was optimized to yield a converging solution that is mesh-

independent. The proximity method in the ANSYS meshing software was used to increase 

the mesh resolution in the slits. The proximity method can be used to set the minimum 

number of element layers within gaps, e.g., slits in the bioreactor. Thus, the slits, separated 

by columns, can be further refined. The minimum element size and proximity size can be 

specified. The minimum number of element layers (number of cells across gap) further 

subdivides the mesh in tight regions. The number of cells across each gap was increased 

along with a reduction in the minimum element size, to further refine the mesh. The final 

mesh settings were element minimun size of 8 e-4 mm, element numbers of 1,049,191 and 

number of cells across gap was 6.  

 

The acceptance criteria used was a change in the predicted CFD velocity of no more than 

5% from the previous converged solution. Boundary conditions were no-slip at the walls, 

constant inlet velocity, and default gauge pressure of 0 Pa at the outlet. FLUENT was used 

to solve the steady-state form of the Navier-Stokes Equation (see Chapter 2, Eq. 2.1) for an 

incompressible Newtonian fluid subjected to the specified flow conditions. The convergence 

tolerance for all simulations, which is the normalized residual for each degree of freedom, 

was set to 10-3. All simulations for the systems were run with the following computer and 

software settings:  

Computer Specs: Dell Precision T1700, Intel® Core™ i7-4790 CPU @ 3.60GHz, 32GB 

RAM, 64-bit, Windows 10 Pro 
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FLUENT Settings:  

Solver: 3D, double-precision, pressure-based, parallel (8 processors)  

Time: steady-state 

Pressure-Velocity Coupling Scheme: Simple 

Discretization: Second-order upwinding 

 

3.2.3 Cell culture 

Previously frozen mobilized peripheral blood (mPB) CD34+ cells from the Fred Hutchinson 

Cancer Research Center (Seattle, WA) with Northwestern University Institutional Review 

Board approval were grown in 78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum 

Substitute (STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-

density lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep, 100 

ng/mL TPO, 100 ng/mL SCF, 10 ng/mL IL-6, 10 ng/mL IL-11 and 2.5 ng/mL IL-3 (R&D 

Systems, Inc., Minneapolis, MN). Cells were maintained between 100,000 to 400,000 

cells/mL at 37°C, 5% CO2, and 5% O2 for 5 days (Panasonic incubator MCO-170M, Wood 

Dale, IL).  On day 5, the cytokines were replaced with 100 ng/mL TPO, 100 ng/mL SCF, 10 

ng/mL IL-9, 10 ng/mL IL-11 and 10 ng/mL IL-3. Cells were maintained at a density of 

250,000 to 500,000 cells/mL and kept at 37°C, 5% CO2, and 20% O2 until day 7. On day 7, 

cells were selected using anti-CD61-conjugated magnetic microbeads (Miltenyi Biotech Inc, 

San Diego, CA) and then cultured in medium with 100 ng/mL TPO, 100 ng/mL SCF and 

6.25 mM nicotinamide thereafter. The cells were maintained at a density between 250,000 

to 500,000 cells/mL and kept at 37°C, 5% CO2, and 20% O2. 
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3.2.4 Bioreactor fabrication 

A 2D design of the bioreactor was created in AutoCAD 2014 (San Rafael, CA) and then 

printed onto a chrome mask (Front Range Photomask, Palmer Lake, CO). A silicon wafer 

(WRS Materials, San Jose, CA) was spin-coated with SU8-2035 photoresist (MicroChem 

Corp, Westborough, MA) at 4000 RPM for 30 s to achieve a photoresist height of 40 µm. 

The wafer was soft-baked at 65°C for 3 min and then hard-baked at 95°C for 6 min. 

Afterwards, the wafer was exposed to UV light for 17 s using a Karl Suss MA6 Mask Aligner 

(SUSS MicroTec, Garching, Germany). The exposed resist was then baked at 95°C for 6 

min. Finally, the resist was developed using SU8 developer solution (MicroChem) for 2 min 

and dried with a nitrogen gun. The dry wafer was silanized overnight (5 µL of 1H,1H,2H,2H-

perfluorooctyltrichlorosilane; Alfa Aesar, Ward Hill, MA) in a vacuum chamber. Next, a 

1:10 curing agent to polydimethyl siloxane (PDMS) solution (Slygard 184 Kit; Electron 

Microscopy Sciences, Hatfield, PA) was poured over the wafer to cast a mold that was placed 

in an oven at 65°C overnight. The PDMS mold was then cut, holes for inlets and outlets 

created with a 2-mm punch, and the PDMS plasma-bonded (Model BD-20; Electro-Technic 

Products, INC, Chicago, IL) to an ethanol-cleaned premium plain glass slide (25 x 75 x 1 

mm; VWR, Radnor, PA). 

 

3.2.5 Bioreactor effluent preparation 

Effluent collected was spun once at 2200 g for 20 min to pellet Mks and PLPs. The pellet 

was then resuspended in HEPES/Tyrode’s (HT) buffer (10 mM HEPES, 137 mM NaCl, 2.8 

mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.4 mM Na2HPO4, 0.35% BSA, 5.5 mM glucose, 
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pH 7.4) and allowed to rest for 20 min at room temperature. 2 mM CaCl2 was added to the 

suspension 5 min before use in assays.   

 

3.2.6 Confocal microscopy 

Effluent collected from the bioreactor was analyzed via immunofluorescence. 8-well 

chamber glass slides (125658, Lab NunTek II, Thermo Scientific, Waltham, MA) were 

coated with fibrinogen (Innovative Research, Novi, MI) at 60 µg/mL in PBS or 1% BSA in 

PBS. The effluent suspension was added to each well and allowed to rest at 37°C for 20 min 

and then 3 U/mL of thrombin was added to one of the wells coated with fibrinogen, and 

incubated for 30min at 37°C, 5% CO2. The chamber slide was washed once with warm PBS 

with Ca2+ and Mg2+ and then fixed with 3.7% paraformaldehyde and permeabilized with 

0.3% Triton X-100 before sequentially staining with 5 µg/mL mouse anti-beta-tubulin 

primary antibody (5656321, BD Biosciences), and 1 µg/mL of Alexa Fluor 488-conjugated 

goat anti-mouse secondary antibody (A11001, Thermo Scientific). After removing unbound 

secondary antibody, wells were incubated with TRITC-phalloidin, washed, and then stained 

with DAPI (Invitrogen, Carlsbad, CA) to identify Mk bodies from anucelate proplatelets and 

platelet-like-particles (PLPs). Slides were imaged with a 63x oil objective on a Leica 

DMI6000 Spinning Disc Confocal Microscope (Leica, Wetzlar, Germany).   

 

3.2.7 Flow cytometry preparation of bioreactor effluent 

Effluent from the bioreactor was analyzed for surface markers using the following 

antibodies: CD41-APC (559777), CD42b-PE (555473), CD62P-BV421 (564038). Effluent 
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suspension was aliquoted into 0.65-mL polypropylene tubes, respective antibodies added, 

and thrombin at 3 U/mL was added to activate PLPs. Samples were incubated for 15 min at 

room temperature (RT). Samples were run on a LSRII Flow Cytometer (BD Biosciences). 

Prior to perfusion through the bioreactor, Mks were stained with live stain Calcein AM so 

viable PLPs in the effluent also carried this live stain. Calcein+ PLP events were identified. 

Expression of markers on PLPs was compared to an unactivated (no thrombin), stained 

sample. 

 

3.2.8 Bioreactor perfusion with Mks 

The USRB-7µm was positioned on a Lumascope microscope v500 (Etaluma Inc., Carlsbad, 

CA) placed inside an incubator (Thermo Scientific, Waltham, MA) maintained at 37°C and 

5% CO2. Separate syringe pumps (NE-300, New Era Pump Systems Inc., Farmingdale, NY) 

were used for each flow channel. A 5-mL glass syringe (81520, Hamilton Company, Reno, 

NV) was used for the outer channels and a 2.5-mL glass syringe (81420, Hamilton) was used 

for the center channel. Media (78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum 

Substitute (STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-

density lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep) without 

cytokines was perfused throughout the bioreactor for 30 min at 6.5 μL/min prior to Mk 

introduction. On day 10, 11, or 12 of Mk culture, Mks at density of 50,000/mL were stained 

for 15 min with 1 µM Calcein AM at 37°C. After the 30-min media perfusion, 25,000 Mks 

(a sufficient number to observe the system dynamics and how often they might repeat and 

under what conditions, without clogging the slits) were microinjected into the tubing 
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upstream from the reactor. No Mks were present within the syringes. A video was recorded 

of each bioreactor for 1-2 hrs.  

 

3.2.9 Video analysis 

Videos (6 frames-per-second) were recorded for each experimental run using the Lumascope 

v500, equipped with High Sensitivity Monochrome CMOS Sensor camera, using a 20x or 

40x objective. Each video was analyzed for every 5-min time interval for the duration of an 

experiment. One half of the bioreactor (10 slits) was analyzed at one time throughout 5-min 

time intervals for the entire video recorded. This process was repeated on the other half of 

the reactor. The data from each half of the reactor was then combined for each 5-min time 

interval. During each interval, only proPLTs and PLPs that originated from trapped Mks the 

slits were counted. Additionally, for some videos, pre-released particles flowing into and out 

of the slits were counted separately. Mks can give rise to particles without shear and these 

could be present in the suspension that was microinjected into the system. To increase 

accuracy, the videos were played at a slower speed during times of high PLP release activity. 

The 5-min interval was selected because it allowed us to effectively analyze and understand 

the dynamics of the process. Pre-staining Mks with Calcein AM allowed the Mks trapped in 

the reactor, as well as proPLTs/PLPs, to be clearly observed. 

 

3.2.10 Statistical analysis 

JMP Pro 11 (SAS Institute Inc., Cary, NC) was used to generate histograms, distributions, 

and standard errors of mean (SEM) of the video analysis data for released proPLTs/PLPs. 
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3.3 Results 

3.3.1 Uniform-shear rate bioreactor promotes proPLT and rapid platelet-like-particle 

(PLP) generation from Mks 

After design and fabrication of the USRB-7µm (Chapter 2, Figure 2.11), and validation of 

the flow patterns (Chapter 2, Figure 2.12 and Figure 2.15C), the capability of the system 

to promote proPLT formation from mobilized peripheral blood (mPB)-derived Mks was 

assessed. Experiments showed that, depending on the size of the trapped Mks, 1-3 cells can 

occupy a slit. Importantly, the shear environment within the USRB-7µm could stimulate 

proPLT formation from trapped Mks (Figure 3.1). Mks were stained with Calcein to allow 

clearer visualization of the proPLT formation process (Figure 3.1A). Trapped Mks within 

the slits extruded their bodies and elongated into the characteristic proPLTs with beads-on-

a-string morphology (Figure 3.1B, Video 1). Interestingly, the USRB-7µm 

microenvironment also promoted trapped Mks to release individual PLPs directly from their 

bodies. Some Mks, immediately after slit capture, rapidly released dozens of PLPs within 

seconds (Figure 3.2, Video 2).   
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Figure 3.1 Shear-driven proPLT formation in USRB-7µm. (A) Green fluoresence 

observation of Calcein-labeled Mks with proPLT formation. (B) Brightfield time-lapse 

images of cells trapped in a slit and exposed to shear. The center channel flow elongates Mks 

through the slits. Flow in the outer channels applies shear on the extensions further 

A 

B 
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elongating them leading to fragmentation after several minutes. Black arrows indicate 

proPLTs. Scale bars = 50 μm. Flow rate of 1.5 μL/min in the center channel with 5 μL/min 

in the combined outer channels. Blue arrows show direction of flow. 

 

 

 

Figure 3.2 Shear-driven rapid PLP release in USRB-7µm. Time-lapse images of trapped 

Mks in a slit, rapidly releasing many individual PLPs in seconds. Time units: h:min:s.  

Orange arrows point to individual PLPs. Scale bar = 35 μm. Blue arrows show direction of 

flow. Flow rate of 1.5 μL/min in the center channel with 5 μL/min in the combined outer 

channels. 
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3.3.2 Evaluating PLP-release kinetics under different flow conditions 

We analyzed the kinetics of the USRB-7µm to identify conditions that change Mk behavior 

by counting the number of Calcein-stained PLPs that originate from Mks trapped at the slits 

per 5-min time interval across individual experimental runs (Figure 3.3). The number of 

PLPs-on-a string that were observed on proPLTs were also counted as released PLPs (Figure 

3.4) and we estimated that ~30% of PLPs released were from proPLTs. We observed that, 

when an incoming Mk blocked the flow of an open slit, proPLT/PLP formation and the 

number of slits making PLPs greatly increased within the bioreactor (Figure 3.3A – green 

arrows, Video 3). The blockage most likely increased the pressure drop across the slits, 

thus, trapped Mks were exposed to an immediate higher pressure and shear that increased 

their productivity. This observation led us to hypothesize that introducing a step-increase in 

the center channel flow rate may mimic the effects of cell-blockage. Indeed, similar 

responses after multiple step-increases in flow rate were observed during five separate 

experimental runs (Figure 3.3B, Figure 3.5A). The calculated CFD pressure drop across the 

slits increased continuously as more slits were occupied, especially when few slits remained 

open (Figure 3.6A). Further, increasing the flow rate of the system with a constant number 

of open slits increased the calculated CFD pressure drop across the slits in a linear manner 

(Figure 3.6B). The experimental observations and CFD analysis support our hypothesis that 

a pressure drop increase by a blockage event or flow rate change could increase Mk 

productivity, as both types of changes increased the immediate number of PLPs released by 

~3-fold and the number of active slits by 30-50% (Figure 3.7).  
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Figure 3.3 PLP-release kinetics in USRB-7µm. (A) Number of PLPs released per 5-min 

time interval during a bioreactor run with constant center channel flow rate (indicated above 

plot) and three significant cell blockages of open slits during that time interval denoted by 

green arrows.  (B) Number of PLPs released per 5-min time interval during a bioreactor run 

with three center channel flow rate increases (dashed lines - indicated above plot) and three 

significant cell blockages of open slits denoted by green arrow. For (A) and (B), combined 

outer channels flow rate = 5 μL/min. Color legend in (A) and (B) depicts the number of slits 

making PLPs during each 5-min time interval. 
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Figure 3.4 Counting PLPs on proPLTs. (A) Images of Calcein-stained Mks extending 

proPLTs; black arrows indicate the PLPs that were counted on these proPLTs (0 μL/min 

outer channel combined flow rate). (B) Images of Calcein-stained Mks extending proPLTs; 

white arrows indicate the PLPs that were counted on these proPLTs (5 μL/min outer channel 

combined flow rate). Blue arrows indicate the flow direction.  

A 
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Figure 3.5 Additional PLP-release kinetics in USRB-7µm. (A) Profile of PLPs released 

per 5-min time interval within bioreactors with center channel flow rate changes and 

A 

B 
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observed cell blockages denoted by green arrow. (B) Profile of PLPs released per 5-min time 

interval within a bioreactor outer combined channel flow rate change and observed cell 

blockage denoted by green arrow. For (A), combined outer channel flow rate = 5 μL/min. 

For (B), center channel flow rate = 1.5 μL/min Color legend in (A) and (B) depicts the 

number of slits making PLPs per 5-min time interval. 

 

 

 

Figure 3.6 Pressure drop from CFD modeling of USRB-7µm.  (A) Pressure drop values 

across the reactor from CFD simulations of completely blocking slits within a cell-free 

bioreactor with a flow rate of 1.5 μL/min in the center channel and a combined outer 

channels flow rate of 5 μL/min (line fitted to 1/#Slits Open). (B) For a system with 2 open 

slits, pressure drop values from CFD simulations for different flow rates in the center channel 

with a constant combined flow rate of 5 μL/min in the outer channels (fitted to a straight 

line). 
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Figure 3.7 Number of PLP releases or active slits based on system changes. (A) Number 

of PLPs released in the 5-min time interval before or during a cell blockage event or a center 

channel flow rate increase. (B) Number of slits making PLPs in the 5-min time interval 

before and during a cell blockage event or a center channel flow rate increase. Combined 

outer channels flow rate maintained at 5 μL/min. (A) and (B) represents 8 bioreactors runs 

across 3 different Mk cultures. Error bars ±SEM. 
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While trying to remove a small bubble from the outer channel during an experiment, we 

inadvertently stopped the flow of the outer channels. To our surprise, when the outer channel 

flow was completely stopped, the rate of proPLT and PLP release dramatically increased 

(Figure 3.8 vs. Figure 3.3, Figure 3.5B). The outer channel flow-rate is intended to impose 

shear forces on the extending proPLTs, so it is also a key parameter of the system. Yet, we 

discovered that turning off the outer channel flow rate dramatically changed the Mk behavior 

and greatly increased PLP release (Video 4). Further, we could still observe an increase in 

productivity when an incoming Mk blocked the flow of an open slit (Figure 3.8A – green 

arrows) or by introducing a step-increase in flow rate in the center channel (Figure 3.8B), 

similar to that seen when the outside flow was maintained at 5 µL/min (Figure 3.3). Under 

this new operating condition, upon capture, some Mks continued to rapidly release dozens 

of PLPs within seconds (Video 5). 

 

We compared bioreactor runs using outer channel combined flow rates of 5 µL/min (9 

bioreactor runs across 3 different Mk cultures) and 0 µL/min (4 bioreactor runs across 2 

different Mk cultures) (Figure 3.9). The average number of open slits was 2 for 5 µL/min 

and 1 for 0 µL/min combined outer channel flow rates (Figure 3.9A). On average, 40% of 

the occupied slits were actively making proPLTs/PLPs under the 5 µL/min outer flow 

condition, whereas 61% were active when operating at 0 µL/min outer flow condition 

(Figure 3.9B). The number of PLPs released per 5-min time interval had a mean of 55 and 

followed an exponential decay curve for the 5 µL/min outer flow condition, while there was 
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a 6-fold higher mean of 351 PLPs released with a log-normal distribution for 0 µL/min 

(Figure 3.9C). Thus, unexpectedly, an outer channel flow rate of 0 µL/min greatly increased 

PLP production compared to 5 µL/min. An interesting observation from both environments 

is that the productivity increase from a blockage event (green arrow) could carry over into 

the next interval if the blockage occurred near the end of that interval (Figure 3.3A – 

intervals 9 to 10, Figure 3.3B – intervals 11 to 12, Figure 3.8B – intervals 13 to 14, and 

Figure 3.5B – intervals 5 to 6).  

 
 

Figure 3.8 PLP release kinetics in USRB-7µm with no outer channel flow. (A) Number 

of PLPs released per 5-min time interval during a bioreactor run with no center channel flow 

rate changes (indicated above plot) and four significant cell blockages of open slits denoted 

by green arrow. (B) Number of PLPs released per 5-min time interval during a bioreactor 

run with two center channel flow rate changes (dashed lines - indicated above plot) and three 

significant cell blockages of open slits denoted by green arrow. For (A) and (B), combined 

A B 
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outer channels flow rate = 0 μL/min. Color legend in (A) and (B) depicts the number of slits 

making PLPs during each 5-min time interval. 

 

 
 

Figure 3.9 Distributions of PLP release kinetics in USRB-7µm. (A) Number of slits open 

per 5-min time interval for (i) 5 μL/min and (ii) 0 μL/min combined outside channel flow 

rate. (B) %Occupied slits that were making PLPs per 5-min time interval for (i) 5 μL/min 

and (ii) 0 μL/min outside flow rate. (C) PLPs released per 5-min time interval for (i) 5 

μL/min (exponential fit) and (ii) 0 μL/min (log-normal fit) outside flow rate. Error bars 

indicate ±SEM.  
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3.3.3 Characterization of PLPs collected from USRB-7m 

It is important to demonstrate that the PLPs produced exhibit functional activity. Due to the 

higher productivity, we analyzed the effluent of three bioreactors operated with an outer 

channel combined flow rate of 0 µL/min. Calcein+ PLPs were ~67% CD41+CD42b+ (Figure 

3.10A). Functional activity of CD41+CD42b+ PLPs was evaluated via expression of CD62P 

– a transmembrane glycoprotein that is translocated by granules to the surface of platelets 

after activation – both before (Figure 3.10Bi) and after adding thrombin (Figure 3.10Bii) 

to activate the PLPs. The average percentage of CD62P+ PLPs increased from ~20 to ~70% 

after thrombin addition (Figure 3.10Biii). Confocal analysis of PLPs on fibrinogen revealed 

a characteristic tubulin ring in the absence of thrombin and highly spread PLPs in the 

presence of thrombin (Figure 3.10C), which is similar to the behavior of fresh platelets.[42]  
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Figure 3.10 Characterization of recovered PLPs from effluent. (A) CD41 and CD42b 

expression of Calcein+ PLPs. (B) Representative plots of activation of recovered 

CD41+CD42b+ PLPs in the absence (i) or presence (ii) of thrombin and (iii) summary of 

%CD62P+ PLPs for 3 bioreactor experiments from two Mk cultures with different donors. 

(C) Recovered PLPs adhere to BSA and fibrinogen (FIB) with a characteristic tubulin ring 

and spread extensively after activation with thrombin. (green – beta tubulin, red- actin, blue 

– DNA). Scale bar = 10 μm. Bioreactor conditions: 1.5 μL/min center channel and 0 μL/min 

outer combined flow rate. 

 

 

 

 

A B 

C 

i ii iii 



81 

The effluent most likely contained a combination of pre-released particles (present in the 

Mk suspension introduced into the system) and PLPs generated at the slits. We analyzed the 

videos using the counting strategy described earlier to determine the rate at which pre-

released Calcein-stained particles entered and exited the slits. The mean rate was 125 per 5-

min time interval (Figure 3.11A), which is higher than the mean rate of PLP generation for 

a combined outer channel flow rate of 5 µL/min (55), but less than half than the mean rate 

for a combined outer channel flow rate of 0 µL/min (351). By counting flow-through and 

newly produced PLPs in the same experiment, we estimated that ~76% of Calcein-stained 

PLPs were generated by the slits in the reactors with no flow in the outer channels (Figure 

3.11B). Therefore, the Calcein+ PLPs characterized in the effluent were largely generated by 

Mks trapped at the slits.  

 

 
Figure 3.11 Bioreactor derived PLPs and pre-released particle analysis. (A) Pre-

released PLPs per 5-min time interval (normal fit). Error bars indicate ±SEM. (B) Estimated 

percentage of PLPs that were generated from trapped Mks at the slits. (A) and (B) represents 

A B 
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4 bioreactors runs across 2 different Mk cultures Center channel flow rate = 1.5 μL/min and 

combined outer channel flow rate = 0 μL/min.  

Finally, to verify our PLP counting process, we introduced expired blood platelets, stained 

with Calcein, into a cell-free bioreactor. During a 30-min perfusion, platelets were counted 

per 5-min time interval for outer channel combined flow rates of 5 μL/min or 0 μL/min 

(Figure 3.12A). The number of platelets counted per time interval was about the same for 

either condition, as expected, since platelets would only enter via the center channel. 

Additionally, we provide images of expired platelets flowing through the USRB-7µm 

(Figure 3.12B) to compare them to the PLPs released from trapped Mks to further support 

our count strategy (Figure 3.12C).  
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Figure 3.12 Expired blood platelets in the bioreactor compared to PLPs released from 

Mks. (A) Profile of expired platelets per 5-min time interval within a bioreactor (counted 

three times). Error bars indicate ±SEM. (B) Images of Calcein-stained platelets flowing 

through bioreactor with either (i) 5 μL/min or (ii) 0 μL/min combined outer channel flow 

rate. (C) Images of Mks releasing PLPs from the slits with either (i) 5 μL/min and (ii) 0 
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μL/min combined outer channel flow rate. For (A-C), the center channel flow rate was 

maintained at 1.5 µL/min. Blue arrows indicate the flow direction. Yellow arrows indicate 

platelets or PLPs. 

 

3.3.4 CFD analysis of changes to the outer channel flow rate 

CFD was used to evaluate what environmental factors could explain the differences in Mk 

behavior at 5 μL/min vs. 0 μL/min flow rates in the outer channels, while keeping the center 

channel flow rate constant at 1.5 μL/min. Wall shear rate, pressure, velocity, strain rate, and 

the structure of the flow patterns were the primary factors of interest. Simulations with the 

outer flow rate of 0 μL/min did not show changes to the wall shear rates within the slits of 

the bioreactor (Figure 3.13 vs. Figure 2.13). Next, we focused on CFD-predicted pressure 

and velocity profiles across the slits at the center height of the bioreactor, z = 20 µm (Figure 

3.14A). The average CFD pressure drop across the slits was similar for the two outer channel 

flow rate conditions, but at 5 μL/min the variability between slits was greater (Figure 3.14B, 

Figure 3.15A). The outside flow likely imparts some back pressure in the center channel 

flow, evident by the higher relative pressures shown in Figure 3.15A. Stopping the outside 

flow potentially reduced the pressure downstream of the slits and may allow Mks to release 

more PLPs. The velocity profile across the slits is also more variable when the combined 

outside channel flow rate is 5 μL/min vs. 0 μL/min, but the average velocity profiles were 

similar (Figure 3.14C, D Figure 3.15B). 
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Next, we examined the strain rate (rate of deformation) within the bioreactor slits. Strain 

rates represent extensional flow that is created due to a velocity gradient in the direction of 

flow. The CFD outputs of our bioreactor showed an increase in velocity along the slits, due 

to the hyperbolic-like-converging region (Figure 3.15B). In CFD, the strain rate can be 

easily extracted from the velocity gradient tensor output as dVx/dx. Plotting the average 

strain rate across the slits did not show any large differences for combined outer channel 

flow rates of 5 μL/min or 0 μL/min (Figure 3.15C). The maximum strain rates predicted are 

336 s-1 for 5 μL/min and 346 s-1 for 0 μL/min outside combined flow rate. Based on this 

analysis, though there were no differences in the strain rates, we can observe extensional 

flow conditions within our slits.  

 

Finally, we assessed the structure of the flow patterns using the CFD streamlines, as well as 

1-µm fluorescent beads to map the experimental streamlines. There is strong agreement 

between the predicted and experimental streamlines under the two different outside flow 

conditions (Figure 3.16). The flow patterns are very different at the two flow rates. For the 

5 μL/min combined outer channel flow rate, the streamlines are compressed towards the 

center of the reactor along the posts (Figure 3.16A, B). On the other hand, with no outer 

channel flow, the streamlines are not compressed, but rather expand downstream of the slits 

(Figure 3.16C, D). Furthermore, overlaying images from Mk experiments with the CFD 

streamlines demonstrates how the flow structure influences the behavior of the Mks (Figure 

3.17). This is further supported by the observation of switching the flow from 5 μL/min to 0 

μL/min shown in Video 4. Also, the velocity vectors past the slits show that the flows 
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through individual slits seem to interact with each other when the outside flow is at 5 μL/min, 

whereas a more isolated slit environment is generated with no outside flow (Figure 3.18A 

vs. Figure 3.18B).  

 

 
 

Figure 3.13 Shear rate analysis of USRB-7µm with no outer channel flow. Shear rates 

through the entire region (A) and details for individual slits (B) for a flow rate of 1.5 μL/min 

in the center channel with 0 μL/min in the outer channels. White arrows indicate the flow 

direction. Estimated shear rates on proPLTs (dashed lines) are within 100 µm from the slits.  

A 
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Figure 3.14 CFD analysis across slits along the x-axis and center height (z = 20 µm) of 

USRB-7µm.  (A) Slit location for analysis. (B) Pressure along individual slits for two 

different outer channel combined flow rates (5 µL/min and 0 µL/min). (C) Individual slit 

velocities along the x-axis for a combined outer channel flow rate of 5 µL/min. (D) 

Individual slit velocities along the x-axis for a combined outer channel flow rate of 0 µL/min. 

For all outputs, the center channel flow rate was maintained at 1.5 µL/min. White arrows 

A B 
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indicate the flow direction. Slit numbers shown in (A) are indicated by number and line 

colors, as indicated in the legend below the figure. 

 
 

 

Figure 3.15 Average CFD outputs across the slits along the x-axis. (A) Average pressure, 

(B) velocity profile, (C) and strain rate across the slits for two combined outer channel flow 

rates.  Blue = 5 µL/min, Red = 0 µL/min. The center channel flow rate was maintained at 

1.5 µL/min. Dashed line on plots represent the 7-µm slit opening where velocity is the 

highest. 

A 
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Figure 3.16 Streamline observations under different outside channel flow rates. (A) 

CFD streamlines and (B) experimental streamlines using 1-μm fluorescent beads and 

Calcein-stained cells for a flow rate of 1.5 μL/min in the center channel with 5 μL/min 

combined outer channel flow rate. (C) CFD streamlines and (D) experimental streamlines 

using 1-μm fluorescent beads and Calcein-stained cells for a flow rate of 1.5 μL/min in the 

center channel with 0 μL/min in the combined outer channel flow rate. White arrows indicate 

the flow direction. Scale bar = 50 μm. 
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Figure 3.17 CFD streamlines overlaid on images from Mk experiments. Center channel 

flow rate of 1.5 μL/min with (A) 5 μL/min and (B) 0 μL/min combined outer channel flow 

rate. Blue arrows indicate direction of flow. Black arrows indicate proPLTs. Yellow arrows 

indicate PLPs. Scale bar = 50 μm. 
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Figure 3.18 Difference of flow structures depicted with velocity vectors. (A) Velocity 

vectors within slits for a flow rate of 1.5 μL/min in the center channel with a 5 μL/min 

combined outer channel flow rate. (B) Velocity vectors within slits for a flow rate of 1.5 

μL/min in the center channel with a 0 μL/min combined outer channel flow rate. 20-μm 

spheres shown within slits simulate the effects of cells in the slits, while dashed lines 

represent direction of proPLTs/PLPs. 
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Videos listed below can be found online in supplemental information for the published study 

in Biotechnology Progress.[76] 

Video 1: proPLT Formation. Trapped Mk extending proPLTs through slit. Flow in the 

outer channels applies shear on the extensions further elongating them leading to 

fragmentation after several minutes. Time units: h:min:s. Scale bar = 50 μm. Flow rate of 

1.5 μL/min in the center channel with 5 μL/min in the combined outer channels. 

Video 2: Rapid PLPs releases. Trapped Mks in a slit, rapidly releasing many individual 

PLPs in seconds. Time units: h:min:s. Scale bar = 35 μm. Flow rate of 1.5 μL/min in the 

center channel with 5 μL/min in the combined outer channels.  

Video 3: Major slit-blockage by Mks. Upon cell-capture at a slit, there is a noticeable 

increase in proPLT/PLP activity across the bioreactor. Scale bar = 50 μm. Flow rate of 1.5 

μL/min in the center channel with 5 μL/min in the combined outer channels. 

Video 4: Impact of turning off outside flow rate. Starting with an outside flow rate at 5 

μL/min, Mks observed making proPLTs/PLPs. After turning off the outside flow rate, there 

is an increase in proPLT/PLP productivity across the bioreactor. Scale bar = 50 μm. Flow 

rate of 1.5 μL/min in the center channel. 

Video 5: Rapid proPLT formation and PLP releases. Mks are trapped and rapidly 

converted to proPLTs/PLPs at the slits. Scale bar = 50 μm. Flow rate of 1.5 μL/min in the 

center channel with 0 μL/min in the combined outer channels. 

 



93 

3.4 Discussion 

Compared to slit bioreactor introduced by Thon et al., our USRB-7µm has a similar capture 

area of 20 slits vs. 15 slits, but a higher slit occupancy (90% vs 66%). More importantly, all 

the slits can be observed during an experimental run and we noted that on average 40-60% 

of occupied slits were actively making proPLTs/PLPs. In contrast, the length of the Thon et 

al. and Nakagawa et al. bioreactors makes it difficult to analyze proPLT/PLP formation from 

all the slits at the same time. In addition to supporting proPLT production, the USRB-7µm 

also promoted rapid release of many individual PLPs, which has not been reported for other 

published bioreactor systems. This observation is physiologically relevant since Mks have 

also been observed to make platelets in vivo (in mouse) via a rapid fragmentation process 

that releases platelets without the propPLT formation step.[12,30,32,33] Though we do not 

fully understand what factors influence proPLT vs. rapid-PLP release, we can observe that 

the rate of PLP production appears to be faster when PLPs are rapidly released (Video 1 vs. 

Video 2). We hypothesize that rapid PLP generation within the USRB-7µm is largely 

influenced by the unique slit geometry in which cells are pushed through a hyperbolic-like-

converging region. As the area is reduced in this region, whole Mks bodies are squeezed and 

elongated through the 7-µm gap where the shear rate and strain rate are the highest.  

 

We show that the flow microenvironment can greatly affect the behavior of Mks in real-

time. Within the system, we observed that Mk capture at an open slit increased the release 

of PLPs across the other Mk-blocked slits. Slit-blockage events could be influenced by the 

size of the Mks being trapped and are not easily controlled, thus, our observations highlight 
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the importance of understanding how the inherent dynamics of a bioreactor can impact the 

Mk response. A step-change in the center channel flow rate (while keeping the outside 

channel flow constant) transiently increased the rate of PLP releases, similarly to the slit-

blockage events. The increase in immediate Mk productivity could be attributed to an 

increase in pressure drop across the slits, as presented by CFD analysis. While we can 

observe a temporary 3-fold increase in productivity after cell-blockages or flow rate changes 

in the USRB-7µm, we recognize that the rates aren’t sustained for the remainder of an 

experimental run largely due to the dynamic behavior of cell capture and slit openings. 

Nagakawa et al. did not study the effect of changing the flow conditions within their 

system.[82] Thon et al. found that the average proPLT extension rate did not change at 

different flow rates (same flow for both channels, 12.5-100 µL/hr),[50] but did not extend 

their CFD analysis to other flow regimes. It would be interesting to examine the Thon et al. 

system at higher flow rates or slit-blockage events to see if the number of active slits 

increased, even if the proPLT extension rate remained unchanged. Within the USRB-7µm, 

we observed that step-changes to the center channel flow rate or a cell-blockage event led to 

~30% and ~50% increases in active slits, respectively.  

 

We anticipated that the presence of an outside channel flow would aid in shearing off 

proPLTs (increasing PLPs release rate), mimicking physiological blood flow in vivo. Thus, 

we were surprised that turning off the outside channel flow rate increased the average 

number of PLPs released by almost 6-fold. Using CFD simulations, we probed the predicted 

environment to try and understand the variables responsible for these unforeseen results. 
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Average velocity profiles, strain rates, and wall shear rates through the slits remained overall 

unchanged with or without flow in the outer channel. CFD predictions showed a slight 

increase in back-pressure by the outer flow on the center channel, which could inhibit Mks 

from releasing more PLPs. However, a significant change in the flow structure was observed, 

as confirmed by good agreement between the CFD streamlines and experimental 

streamlines. The CFD simulations showed that the slits appear to operate independently from 

each other with no outside flow (Figure 3.18), and within our experimental runs, we 

observed Mk behavior that supported the simulations in which proPLTs and PLPs are not 

contracted towards the center of the bioreactor (Figure 3.17B vs. A). Thus, we believe that 

the flow structure had the most significant impact on Mk behavior. Yet, the 

microenvironment that is being generated is certainly complex and the use of higher 

magnification, particle velocity imaging (PVI), and pressure transducers in the system could 

further refine our observations in future evaluations.  

 

Analysis of the bioreactor effluent showed CD41+CD42b+ PLP populations that exhibited 

activation following thrombin addition. We acknowledge that some particles could have 

been pre-released before processing the Mks. Currently, we cannot discern which of the 

Calcein+ particles in the effluent were pre-released vs. generated in the USRB-7µm. 

However, our video analysis indicates that ~76% of Calcein-stained particles were generated 

at the slits in reactors with no outside flow. In recent work with the USRB-7µm, we are able 

to decrease the introduction of pre-released particles by ~50% by adding a low-spin step 
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prior to introducing Mks into the system. We are optimizing this protocol and plan to 

permanently implement this step in future studies.  

 

ProPLTs are subjected to a shear environment typical of the bone marrow sinusoids in many 

of the current published bioreactor systems (Chapter 2, Figure 2.1A). Additionally, Mk 

bodies can be directly exposed to high shear environments that approach and exceed 

estimated values within the lung (Chapter 2, Figure 2.1B).  Single flow environments that 

transport Mks into regions with high shear forces (operating similar to the lung capillary 

bed) as well as extensional forces are sufficient for PLP generation, as demonstrated in this 

study and in Blin et al.,[48] and challenge the need of using two flows to mimic the bone 

marrow niche. Though Nakagawa et al.[82] and Thon et al.[50] used two flows, these 

systems also contain high shear regions and could potentially benefit from utilizing a single 

flow for Mk elongation and fragmentation at the slits. 

 

The diverse Mk responses to different real-time environmental changes within the USRB-

7µm support its use as a characterization tool to study ex vivo PLP formation. Further work 

will focus on utilizing the USRB-7µm to study aspects and characteristics of the bone 

marrow niche that could be incorporated, such as ECM protein coatings, and to leverage 

CFD to identify more effective PLP-generating microenvironments. Additionally, 

preliminary results show the capability of the USRB-7µm to process Mks derived from 

umbilical cord-blood (CB) HSPCs with proPLT and PLP behavior similar to that presented 

in this study (see Chapter 4). Thon et al. observed that, even using 2-µm slits, Mks were able 
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to deform, pass through the slits, and enter the lower channel.[50] We observe similar 

behavior of Mks passing through our 7-µm slits. Therefore, a secondary system, such as the 

spinning-membrane separator we described previously[52], must be used to separate PLPs 

from Mks, which could then be recycled back to the bioreactor. Overall, future USRB-7µm 

studies will increase understanding of proPLT and PLP formation in a uniform-flow 

environment and can reveal important variables and operating parameters through which ex 

vivo platelet production can be increased.  
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CHAPTER 4: Engineering improved and scaled-up microfluidic platelet bioreactors  

 

Work presented in this chapter (Figure 4.7) is part of the following paper under review:  

• Wu JJ, Abbott DA, Martinez AF, Ranjan R, DeLuca TA, Doser DLP, Terzioglu MK, 

Mahmud D, Bagheri N, Mahmud N, Miller WM. Valporic acid improves ex vivo 

generation of human megakaryocytes and platelet-like-particles from pre-expanded 

cord blood-derived CD34+ cells.  

4.1 Introduction 

Recently, we have developed a uniform shear rate bioreactor (USRB-7µm) to study and 

characterize PLP and proPLT formation from mobilized peripheral blood (mPB) derived 

Mks (described in Chapter 2 and 3).[76] The novel device allowed us to examine the impact 

of shear and flow structures on Mk’s productivity. The Miller Lab has also worked on 

developing a culture process for Mks derived from cord-blood (CB) HSPCs. These CB-Mks 

tend to be smaller in size compared to mPB-Mks due to their lower ploidy.[18] The lab was 

assessing whether adding valproic acid (VPA) to CB HSPCs during pre-expansion could 

yield higher Mk and PLP numbers. Two VPA conditions expanded for six (E6) or eight (E8) 

days were compared to E0 control without pre-expansion.[87] We were interested in using 

the microfluidic bioreactor USRB-7m to study PLP generation from these three different 

conditions. Our initial studies used the USRB-7m. However, to improve capture efficiency 

of the smaller CB-Mks we modified the system to create a new device with 5-µm slits, 

USRB-5m. Computational fluid dynamics (CFD) modeling was used to characterize the 

environment and to ensure that the slits retained uniform shear rate in the new USRB-5m.  
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Additionally, we were interested in scaling-up the USRB systems to accommodate larger 

numbers of Mks. Using the findings from Chapters 2 and 3 as well as the USRB-5m results 

presented in the first part of this chapter, we designed and engineered a new device, Lung-

USRB. The concept for the device was inspired by in vivo observations in mice where Mks 

are rapidly processed into proPLTs and PLPs in the lung capillary bed.[27] CFD analysis 

was used to understand the hydrodynamics of the new system and proof-of-concept 

experiments demonstrate the potential to use the new device to generate PLPs. 

 

4.2 Material and methods 

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich (St. Louis, MO), 

and cytokines from Peprotech (Rocky Hill, NJ). Antibodies for flow cytometry analysis from 

BD Biosciences. LSR II or LSR Fortessa (BD Biosciences, San Jose, CA) flow cytometers 

were used to collect data and analysis was done using FlowJo v.10 (FlowJo LLC, Ashland, 

OR). 

 

4.2.1 CFD modeling – USRB-5µm 

The slit bioreactor simulations were carried out using ANSYS version 16.1 (Canonsburg, 

PA) that includes the computational fluid dynamics solver FLUENT. The 3D models were 

created in Autodesk Inventor Professional software 2015 (San Rafael, CA). The files were 

converted to Parasolid binary text in Inventor and then imported into ANSYS Design 

Modeler. A mesh was created in which the geometry is discretized into small volumes 
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(elements) where the CFD software calculates an approximate solution to the discretized 

form of the governing equations. The mesh settings and CFD set up were the same as 

described in Chapter 2 and in our published study.[76] The final mesh-independent system 

and mesh settings are shown in Figure 4.1A. The bioreactor system contains a primary flow 

down the center channel that pushes Mks into the 5-μm slits and an outer channel flow that 

shears off proPLTs from Mks. The center channel flow rate was at 1.5 μL/min and the 

outside combined flow rate was 0 μL/min. Since the geometry was cropped, the input 

velocity of the center channel is set to 0.0714 cm/s (V1 in Figure 4.1B) and the combined 

outer channel is set to to 0 cm/s (V2 in Figure 4.1B).   

 

 

Figure 4.1 Mesh settings for uniform-shear rate bioreactor, USRB-5µm. (A) Mesh 

settings used to generate the displayed mesh. The geometry has been slightly rotated to show 

the depth and elements across the slits. (B) Cropped region of the bioreactor used in CFD. 

White arrows indicate direction of flow. 

 

4.2.2 CFD modeling – Lung-USRB 

The bioreactor simulations were carried out using ANSYS version 16.1 and FLUENT. The 

3D models were created in Autodesk Inventor Professional software 2015. The files were 

A BMesh Settings

Element Min Size 8e-4 mm

Body Sizing Element Size 8e-4 mm

Element # 1,222,275

Number of Cells Across Gap 6

Fluent Convergence Time 1 min 54 s

V1
V2

V2
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converted to Parasolid binary text in Inventor and then imported into ANSYS Design 

Modeler. Because of the design, symmetry could be used to minimize simulation time and 

avoid computational power limitations while generating the mesh. Symmetry was defined 

along the Y-Z plane (x = 0), splitting the device in half down the center channel, and then 

along an X-Z plane (y = 0, z = 20 µm height). The device has a height of 40 µm. Through 

this approach, we only modeled a quarter of the device. The geometry was subdivided into 

two parts: Body and Slits. The 5.5-μm slits could be assigned a specific element size that 

could sufficiently resolve these small regions. The final mesh settings are shown in Figure 

4.2. Four flow rates were simulated, 10 µL/min (inlet velocity of 0.00489 m/s), 40 µL/min 

(inlet velocity of 0.0195 m/s), 100 µL/min (inlet velocity of 0.0489 m/s) and 400 µL/min 

(inlet velocity of 0.195 m/s). 
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Figure 4.2 Mesh settings for Lung-USRB. (A) 3D geometry model represents a quarter of 

the bioreactor with the use of symmetry planes at Y-Z (x = 0) and X-Z plane (y = 0, z = 20 

µm height). The device has a height of 40 µm. The Arms, Branches and Channels of the 

system are labeled/numbered as shown above. (B) Mesh settings used to generate the 

displayed mesh. White arrows indicate direction of flow.  

 

For USRB-5µm and Lung-USRB, boundary conditions were no-slip at the walls, constant 

inlet velocity, and default gauge pressure of 0 Pa at the outlet. FLUENT was used to solve 

the steady-state form of the Navier-Stokes Equation (see Chapter 2, Eq. 2.1) for an 

Mesh Settings
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incompressible Newtonian fluid subjected to the specified flow conditions. The convergence 

tolerance for all simulations, which is the normalized residual for each degree of freedom, 

was set to 10-3. All simulations for the systems were run with the following computer and 

software settings:  

Computer Specs: Dell Precision T1700, Intel® Core™ i7-4790 CPU @ 3.60GHz, 32GB 

RAM, 64-bit, Windows 10 Pro 

FLUENT Settings:  

Solver: 3D, double-precision, pressure-based, parallel (8 processors)  

Time: steady-state 

Pressure-Velocity Coupling Scheme: Simple 

Discretization: Second-order upwinding 

 

4.2.3 Cell culture – Cord Blood Mks 

Purified CB CD34+ cells (≥90% CD34+) were seeded at 4 × 104 cells/mL in tissue culture-

treated (TC) well plates in 6 well plates in 2.5 mL of Iscoves modified Dulbecco's medium 

(IMDM) (Biochrom) in serum-free medium (Sigma, St. Louis, MO) and supplemented with 

100 ng/mL stem cell factor (SCF), 100 ng/mL FLT-3 ligand (FL), 100 ng/mL 

thrombopoietin (TPO) and 50 ng/mL interleukin 3 (IL-3). Cells were treated with 1 mM 

valproic acid (VPA) and added media and cytokine supplements as above except IL-3 at 16 

hours and incubated for another 6 (E6 VPA+) or 8 (E8 VPA+) days at 37°C in a fully 

humidified atmosphere of 5% CO2, then transferred to secondary culture. The cells were 



104 

then resuspended in 78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum Substitute 

(STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-density 

lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep, 100 ng/mL TPO, 

100 ng/mL SCF, 10 ng/mL IL-6, 10 ng/mL IL-11 and 2.5 ng/mL IL-3 (R&D Systems, Inc., 

Minneapolis, MN) seeded in TC-treated T-flasks at 50,000 cells/mL. Cells were cultured in 

a fully humidified chamber at 37 °C, 5% CO2, and 5% O2 for 5 days (Panasonic incubator 

MCO-170M, Wood Dale, IL). On day 5, the cytokines were replaced with 100 ng/mL TPO, 

100 ng/mL SCF, 10 ng/mL IL-9, 10 ng/mL IL-11 and 10 ng/mL IL-3. Cells were cultured 

at 20% O2 thereafter. On day 7 cells were resuspended in fresh IMDM+20% BIT 

supplemented with 100 ng/mL TPO, 100 ng/mL SCF and 6.25 mM nicotinamide (Sigma). 

A control culture with no pre-expansion and VPA was also created (E0). 

 

4.2.4 Cell culture – mPB Mks 

Previously frozen mobilized peripheral blood (mPB) CD34+ cells from the Fred Hutchinson 

Cancer Research Center (Seattle, WA) with Northwestern University Institutional Review 

Board approval were grown in 78% IMDM,  20% BIT 9500 Serum Substitute, 1% Glutamax, 

1 µg/mL low-density lipoproteins, 100 U/mL Pen/Strep, 100 ng/mL TPO, 100 ng/mL SCF, 

10 ng/mL IL-6, 10 ng/mL IL-11 and 2.5 ng/mL IL-3 (R&D Systems). Cells were maintained 

between 100,000 to 400,000 cells/mL at 37°C, 5% CO2 and 5% O2 for 5 days (Panasonic 

incubator MCO-170M). On day 5, the cytokines were replaced with 100 ng/mL TPO, 100 

ng/mL SCF, 10 ng/mL IL-9, 10 ng/mL IL-11 and 10 ng/mL IL-3. Cells were maintained at 

a density of 250,000 to 500,000 cells/mL and kept at 37°C, 5% CO2 and 20% O2 until day 
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7. On day 7, cells were selected using anti-CD61-conjugated magnetic microbeads (Miltenyi 

Biotech Inc, San Diego, CA) and then cultured in medium with 100 ng/mL TPO, 100 ng/mL 

SCF and 6.25 mM nicotinamide thereafter. The cells were maintained at a density between 

250,000 to 500,000 cells/mL and kept at 37°C, 5% CO2, and 20% O2. 

 

4.2.5 Bioreactor fabrication 

A 2D design of the bioreactor was created in AutoCAD 2014 (San Rafael, CA) and then 

printed onto a chrome mask (Front Range Photomask, Palmer Lake, CO). A silicon wafer 

(WRS Materials, San Jose, CA) was spin-coated with SU8-2035 photoresist (MicroChem 

Corp, Westborough, MA) at 4000 RPM for 30 s to achieve a photoresist height of 40 µm. 

The wafer was soft-baked at 65°C for 3 min and then hard-baked at 95°C for 6 min. 

Afterwards, the wafer was exposed to UV light for 17 s using a Karl Suss MA6 Mask Aligner 

(SUSS MicroTec, Garching, Germany). The exposed resist was then baked at 95°C for 6 

min. Finally, the resist was developed using SU8 developer solution (MicroChem) for 2 min 

and dried with a nitrogen gun. The dry wafer was silanized overnight (5 µL of 1H,1H,2H,2H-

perfluorooctyltrichlorosilane; Alfa Aesar, Ward Hill, MA) in a vacuum chamber. Next, a 

1:10 curing agent to polydimethyl siloxane (PDMS) solution (Slygard 184 Kit; Electron 

Microscopy Sciences, Hatfield, PA) was poured over the wafer to cast a mold that was placed 

in an oven at 65°C overnight. The PDMS mold was then cut, holes for inlets and outlets 

created with a 2-mm punch, and the PDMS plasma-bonded (Model BD-20; Electro-Technic 

Products, INC, Chicago, IL) to an ethanol-cleaned premium plain glass slide (USRB-7µm 
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or USRB-5µm, 25 x 75 x 1 mm; VWR, Radnor, PA and Lung-USRB, 75 x 50 x 100; Fisher 

Scientific, Hampton, NH).  

 

4.2.6 Bioreactor perfusion with Mks – USRB-7µm and USRB-5µm 

The USRB-7µm or USRB-5µm was positioned on a Lumascope microscope v500 (Etaluma 

Inc., Carlsbad, CA) placed inside an incubator (Thermo Scientific, Waltham, MA) 

maintained at 37°C and 5% CO2. Separate syringe pumps (NE-300, New Era Pump Systems 

Inc., Farmingdale, NY) were used for each flow channel. A 5-mL glass syringe (81520, 

Hamilton Company, Reno, NV) was used for the outer channels and a 2.5-mL glass syringe 

(81420, Hamilton) was used for the center channel. Media (78% IMDM, 20% BIT 9500 

Serum Substitute, 1% Glutamax,1 µg/mL low-density lipoproteins, 100 U/mL Pen/Strep) 

without cytokines was perfused throughout the bioreactor for 15 min at 6.5 μL/min prior to 

Mk introduction. CD61+ selected CB-Mks from E0, E6 or E8 VPA+ cultures at density of 

50,000 cells/mL were stained for 15 min with 1 µM Calcein AM at 37°C. After the media 

perfusion, 25,000 Mks (a sufficient number to observe the system dynamics and how often 

they might repeat and under what conditions, without clogging the slits) were microinjected 

into the tubing upstream from the reactor. No Mks were present within the syringes. A 1-hr 

video was recorded of each bioreactor run. 

 

4.2.7 Bioreactor perfusion with Mks – Lung-USRB 

The Lung-USRB was positioned on a Lumascope microscope v500 placed inside an 

incubator maintained at 37°C and 5% CO2. With a syringe pump (NE-300), ethanol was 



107 

perfused through the system for 10 min followed by water and PBS. Media (78% IMDM, 

20% BIT 9500 Serum Substitute, 1% Glutamax,1 µg/mL low-density lipoproteins, 100 

U/mL Pen/Strep) without cytokines was perfused with a 10 mL polystyrene syringe (BD 

Biosciences) into the bioreactor for 20 min at 100 μL/min prior to Mk introduction. CD61+ 

selected mPB-Mks or nonselected CB culture from E0 at 500,000 cells/mL were stained for 

15 min with 1 µM Calcein AM at 37°C. After the media perfusion, ~250,000 Mks were 

microinjected into the tubing upstream from the reactor. No Mks were present within the 

syringe perfusing media. A video was recorded that captured 2 channels of a branch at any 

time. 

Recirculation studies used a 3 mL polystyrene syringe (BD Biosciences) loaded with 2.5 

mLs of CD61+ selected mPB-Mks or non-selected CB culture from E0 at cell densities of 

500,00/mL. Cells were stained with Calcein AM prior to perfusion. After the syringe was 

empty, the effluent collected was loaded back into the syringe and placed back on the syringe 

pump to continue perfusion. The total number of passes was four.  

 

4.2.8 Video analysis 

Videos (6 frames-per-second) were recorded for each experimental run using the Lumascope 

v500, equipped with High Sensitivity Monochrome CMOS Sensor camera, using a 20x 

objective. For USRB-5µm studies, each video was analyzed for every 5-min time interval 

for the duration of an experiment. One half of the bioreactor was analyzed at one time 

throughout 5-min time intervals for the entire video recorded. This process was repeated on 
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the other half of the reactor. The data from each half of the reactor was then combined for 

each 5-min time interval. During each interval, only proPLTs and PLPs that originated from 

trapped Mks the slits were counted. To increase accuracy, the videos were played at a slower 

speed during times of high PLP release activity. The 5-min interval was selected because it 

allowed us to effectively analyze and understand the dynamics of the process. Pre-staining 

Mks with Calcein AM allowed the Mks trapped in the reactor, as well as proPLTs/PLPs, to 

be clearly observed. 

 

4.2.9 Bioreactor effluent preparation 

Prostaglandin E1 (PGE1, Cayman Chemical, Ann Arbor, MI) was added at 140 nM final 

concentration to the effluent collected, which was then spun once at 2200 g for 20 min to 

pellet Mks/cells and PLPs. The pellet was then resuspended in HEPES/Tyrode’s (HT) buffer 

(10 mM HEPES, 137 mM NaCl, 2.8 mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.4 mM 

Na2HPO4, 0.35% BSA, 5.5 mM glucose, pH 7.4) and allowed to rest for 20 min at room 

temperature. 2 mM CaCl2 was added to the suspension 5 min before use in assays described 

below.   

 

4.2.10 Flow cytometry preparation of bioreactor effluent 

Effluent from the bioreactor was analyzed for surface markers using the following antibodies 

against: CD41-APC (559777), CD42b-PE (555473) or CD42b-APC (551061) and CD62P-

PE (555524). Antibodies were added and thrombin at 3 U/mL was added to activate PLPs. 

Samples were incubated for 15 min at room temperature. Prior to perfusion through the 
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bioreactor, Mks were stained with live stain Calcein AM so viable PLPs in the effluent also 

carried this live stain. Calcein+ PLP events were identified. Expression of markers on PLPs 

was compared to an unactivated (no thrombin), stained sample. 

 

4.2.11 Confocal microscopy 

Effluent collected from the bioreactor was analyzed via immunofluorescence. 8-well 

chamber glass slides (125658, Lab NunTek II, Thermo Scientific, Waltham, MA) were 

coated with fibrinogen (Innovative Research, Novi, MI) at 60 µg/mL in PBS or 1% BSA in 

PBS. The effluent suspension was added to each well and allowed to rest at 37°C for 20 min 

and then 3 U/mL of thrombin was added to one of the wells coated with fibrinogen, and 

incubated for 30 min at 37°C, 5% CO2. The chamber slide was washed once with warm PBS 

and then fixed with 3.7% paraformaldehyde and permeabilized with 0.3% Triton X-100 

before sequentially staining with 5 µg/mL mouse anti-beta-tubulin primary antibody 

(5656321, BD Biosciences), and 1 µg/mL of Alexa Fluor 488-conjugated goat anti-mouse 

secondary antibody (A11001, Thermo Scientific). After removing unbound secondary 

antibody, wells were incubated with TRITC-phalloidin, washed, and then stained with DAPI 

(Invitrogen, Carlsbad, CA) to identify Mk bodies from anucelate proPLTs and PLPs. Slides 

were imaged with a 63x oil objective on a Leica DMI6000 Spinning Disc Confocal 

Microscope (Leica, Wetzlar, Germany).  It should be noted that on some confocal images, 

the tubulin isn’t shown due to a misstep in preparation of the secondary antibody. 
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4.3 Results 

4.3.1 Cord-blood derived Mks can be trapped in USRB-7m 

Our initial analysis with USRB-7µm and CB-Mks demonstrated that E6 VPA+ Mks were 

not retained efficiently at the slits due to what appears to be smaller cell-size. Interestingly, 

E8 VPA+ Mks were retained more efficiently at the 7-m slits than E6 VPA+ Mks. With a 

center channel flow rate of 1.5 L/min and an outer channel combined flow rate of 5 L/min, 

captured E8-Mks were able to generate proPLTs (Figure 4.3A-yellow arrows). Without the 

outer channel on, the activity of the CB-Mks increased as was described in our published 

study with mPB-Mks and in Chapter 3 (Figure 4.3B-blue arrows).[76] Initial characteristic 

studies on the collected PLPs showed that they can spread in the presence of thrombin on 

fibrinogen-coated surfaces (Figure 4.3C). Though E8-Mks were captured at the slits, the 

cells squeezed through the slits more easily and in the case of E6-Mks, not enough retention 

occurred for proper analysis.  
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Figure 4.3 Cord blood-derived (CB) E8 VPA+ Mks in USRB-7µm. (A) Calcein stained 

Mks inside USRB-7µm making proPLTs (orange arrows). Center channel inlet flow rate = 

1.5 μL/min and outer channels combined inlet flow rate = 5 μL/min each. (B) Calcein stained 

Mks inside USRB-7µm making PLPs (blue arrows). Center channel inlet flow rate = 1.5 

μL/min and outer channels combined inlet flow rate = 0 μL/min each. Scale bars = 50 μm. 

(C) Confocal analysis of PLPs collected from bioreactor experiment of center channel inlet 

flow rate = 1.5 μL/min and outer channels combined inlet flow rate = 0 μL/min each. PLPs 

resting on BSA and fibrinogen (FIB) and spreading on fibrinogen upon thrombin addition. 

Green = beta tubulin, red = actin, blue = DNA. Scale bars = 15 μm. 

Center channel flow: 1.5 µL/min
Combined outside flow: 5 µL/min

Center channel flow: 1.5 µL/min
Combined outside flow: 0 µL/min

Green arrows indicate direction of flow Green arrow indicate direction of flow

FIB and ThrombinFIB OnlyBSA Only

A B

C
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4.3.2 New USRB-5m retains a uniform shear rate environment 

To improve the capture of CB-Mks at the slits, we decided to narrow the slits to 5 µm, 

USRB-5µm, and kept the same slit geometry and design as the USRB-7µm. Narrowing of 

the slit size also increased the number of available slits to 22 compared to 20. For simulations 

with no outside flow rate and a center channel flow rate of 1.5 µL/min, the range of shear 

stresses across the slits is shown in Figure 4.4. Only half of the slits are presented since there 

is symmetry across the reactor and the other slits would have similar shear stress ranges. 

CFD predictions show near-uniform shear stress at the slits (Figure 4.4). The new USRB-

5µm exposes Mks to a uniform environment with max shear rate at the slits of 8200 s-1 and 

shear on proPLTs at 50-90 s-1 (Figure 4.5A, B). The predicted velocity streamlines are 

shown in Figure 4.5C and the structure of the flow is similar to that reported for USRB-

7µm. [76] 
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Figure 4.4 Individual slit shear stress range for uniform-shear rate bioreactor, USRB-

5µm. (A) Shear stress profile for the reactor. Numbers represent slits. Inset shows the area 

of the slit that was designated high or low shear. Log-scale. White arrows indicate direction 

of flow. (B) Range of shear stress values for all the slits. Center channel inlet flow rate = 1.5 

μL/min and outer channels combined inlet flow rate = 0 μL/min each.  
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Figure 4.5 Shear rate analysis and streamlines of cell-free USRB-5µm. Shear rates in 

(A) the entire slit region and (B) a close-up view of individual slits. (C) CFD streamline plot. 

White arrows indicate the general flow direction. Estimated shear rates on proPLTs (dashed 

lines) are within 100 µm from the slits. Bioreactor condition: 1.5 μL/min flow rates in the 

center channel and 0 μL/min in the combined outer channels.  
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The average CFD pressure drop across the 5-µm slits was 278 +/- 6 Pa which was nearly 

double the pressure drop in the USRB-7µm (Figure 4.6A).[76] The average velocity profile 

across the slits in the USRB-5µm was 0.829 cm/s and in the USRB-7µm it was 0.684 cm/s 

(Figure 4.6B). Strain rates (rate of deformation) represent extensional flow that is created 

due to a velocity gradient in the direction of flow. The CFD outputs of our bioreactor showed 

an increase in velocity along the slits. In CFD, the strain rate can be easily extracted from 

the velocity gradient tensor output as dVx/dx. Plotting the average strain rate across the slits 

showed a maximum of 607 s-1 which was substantially higher than 346 s-1 for USRB-7µm 

(Figure 4.6C). This increase in pressure drop, velocity and strain rate can be attributed to 

the smaller slit size.  

 

 

 

 

 

 

 

 

 



116 

 

Figure 4.6 Average CFD outputs across the slits along the x-axis of USRB-5µm. (A) 

Average pressure, (B) velocity profile and (C) strain rate across the slits for center channel 

flow rate at 1.5 µL/min and combined outer channel flow at 0 µL/min. Dashed line on plots 

represent the 5-µm slit opening where velocity is the highest. 
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4.3.4 CB-Mks are productive in the USRB-5m 

Selected CB-derived Mks from E0, E6 VPA+ or E8 VPA+ were introduced into USRB-5µm 

and the PLP kinetics analyzed over an hour of perfusion. Mks from all culture conditions 

were observed making proPLTs and rapidly releasing dozens of individual PLPs (Figure 

4.7A). As described in Chapter 3, we can analyze the PLP release kinetics of the system 

through video analysis.  Interestingly, the E0 Mks were more productive within the USRB-

5µm, followed by E8 VPA+ and E6 VPA+ Mks for the same donor (Figure 4.7B), especially 

at the beginning of the perfusion run where the rate of PLP releases is higher in E0. For the 

individual reactors, the mean rate of PLP-release per 5-min time intervals was 791, 400, and 

620, for E0, E6, and E8, respectively. Overall, the USRB-5µm improved the capture and 

retention of CB-Mks at the slits.  

Figure 4.7 is part of the following paper under review:  

• Wu JJ, Abbott DA, Martinez AF, Ranjan R, DeLuca TA, Doser DLP, Terzioglu 

MK, Mahmud D, Bagheri N, Mahmud N, Miller WM. Valporic acid improves ex 

vivo generation of human megakaryocytes and platelet-like-particles from pre-

expanded cord blood-derived CD34+ cells.  
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Figure 4.7 Evaluating Mk activity in USRB-5µm from different CB culture conditions. 

(A) Images of Calcein-stained Mks extending proPLTs and making PLPs from three 

different cord blood cultures, E0, E6 VPA+ and E8 VPA+; blue arrows = proPLTs and 

yellow arrows = PLPs. (B) Cumulative PLPs released per 5-min time interval for the 

different conditions. Bioreactor condition: 1.5 μL/min flow rates in the center channel and 0 

μL/min in the combined outer channels. White arrows indicate direction of flow direction.  
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4.3.5 Designing a scaled-up lung-inspired USRB device 

The USRB-7m and USRB-5m allowed a small number of cells to be introduced to study 

proPLT and PLP generation. We were interested in scaling up the devices to accommodate 

larger number of Mks so as to increase PLP yields. As such, we have developed a lung-

inspired microfluidic bioreactor, Lung-USRB (Figure 4.8). This system was scaled based 

on the observations presented in Chapter 3 (and in our published study in Biotechnology 

Progress [76]) in which the use of a single flow to carry Mks into high-shear regions (slits), 

mimicking the lung, was more efficient than using two flows to mimic the low-shear regions 

in the bone marrow sinusoids. The Lung-USRB has 5.5-µm slits and a ~90-fold increase in 

capture area compared to both smaller USRBs. 

 

The main flow entering the lung-USRB splits into a series of left and right arms (Figure 

4.9A). The branching angles were set at 30o. The height of the reactor was chosen to be 40 

μm, similar to blood sinusoid dimensions and the smaller USRBs. The arms have parallel 

branches that lead to smaller channels where 5.5-μm slits are located. This geometry layout 

uses Murray’s law that describes vessel diameters and branching, where the radius cubed of 

the parent branch (Ro) is equal to the sum of the radius cubed of the daughter branches (R1, 

R2): Ro3 = R13 + R23. This relationship assumes cylindrical geometries but can be applied 

to rectangular channels by using hydraulic diameter (DH) calculations (DH = 

2*height*width/[height+width]). Thus, using this relationship, the geometry of the system 

was defined (Figure 4.9B). Within the slit channels are 3 rows of 5.5-μm slits (Figure 4.9C). 

The design of the bioreactor and the use of Murray’s law was also inspired by microfluidic 
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systems that attempt to recapitulate key vasculature structures of the lung systems[88-90]. 

These earlier devices were not used for Mks/platelets. The final fabricated Lung-USRB is 

shown in Figure 4.10. 

 

Figure 4.8 Schematic of Lung-USRB. Design and layout of Lung-USRB in which Mks are 

carried and distributed to channels with 5.5-μm slits.  
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Figure 4.9 Design and dimensions of Lung-USRB. (A) Overview of dimensions of the 

Lung-USRB. (B) Design of arms and branches using Murray’s law to set the dimensions. 
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(C) Dimensions of the channels where the 5.5-μm slits are located. The height was 

maintained at 40 μm throughout. 

 

 

Figure 4.10 Fabricated Lung-USRB. (A) Lung-USRB device next to a fabricated smaller 

USRB. (B) Image of slit channels in Lung-USRB, 20x objective.  
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4.3.6 CFD analysis of Lung-USRB: velocity, shear rate and pressure drop 

We used CFD to simulate 4 different flow rates: 10, 40, 100 and 400 µL/min and extracted 

data to understand the velocity, shear rates and pressure drops across the Lung-USRB 

(Figure 4.11-4.13).  

 

First, a heat map of velocity magnitudes at the center of the reactor (z = 20 µm) was 

generated and selected regions of the reactor (with velocity vectors) shown as insets in 

Figure 4.11A (flow rate = 40 µL/min). The heat map suggests that the velocity across the 

slits is high at the first branch of an arm, decreases across the branches (indicated by darker 

blue regions) and increases at the last branch of the arm (Figure 4.11A). To quantify the 

velocity magnitudes at the branches, the maximum velocity of the center slit in row #1 of 

channels #1 and 3 was extracted for all branches and arms (for labels/locations refer to 

Figure 4.2 and top inset of Figure 4.11A). The max velocity magnitude varied across each 

arm and arm 2 had the lowest branch velocities (red bars in Figure 4.11B, flow rate = 40 

µL/min). The first and last branches have the highest velocities compared to middle 

branches, especially in arms 1 and 2. For a flow rate of 40 µL/min, the predicted average 

velocity range of arm 1 is ~0.25 to 0.45 cm/s, arm 2 with ~0.15 to 0.3 cm/s and arm 3 at ~0.3 

to 0.37 cm/s (Figure 4.11B). Simulations for additional flow rates were conducted and the 

average max velocity of each arm calculated further indicating that arms 1 and 3 have higher 

average velocities than arm 2 (Figure 4.11C). Finally, the average max velocity for each 

simulation was calculated and plotted for versus various inlet flow rates (Figure 4.11D). 

Through the velocity analysis conducted, we observe that although velocity ranges of each 
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arm overlap and have similar order of magnitude, there are significant differences between 

individual branches in each arm.   

 

Next, the wall shear rates of the bioreactor were analyzed in the similar manner as described 

for the velocity and similar patterns and observations emerged. First, contours of wall shear 

rates were generated along with insets (Figure 4.12A, flow rate = 40 µL/min). Lower shear 

rates (darker blue regions) are predicted in the middle branches of each arm (Figure 4.12A). 

The maximum wall shear rate was quantified by extracting data from the center slit in row 

#1 of channels #1-4 for all branches and arms (for labels/locations refer to Figure 4.2 and 

top inset of Figure 4.12A). Wall shear rates were the highest in the first and last branches 

compared to middle branches as was seen in the max velocity analysis (Figure 4.12B, flow 

rate = 40 µL/min). The average wall shear rate range for arms 1, 2 and 3 is predicted to be 

~1200 to 2700 s-1, ~800 to 1700 s-1 and ~1700 to 2200 s-1, respectively (Figure 4.12B, flow 

rate = 40 µL/min). Additional flow rate simulations also predicted lower wall shear rates in 

arm 2 (Figure 4.12C) and the average wall shear rate of the entire bioreactor is linearly 

dependent on the flow rate (Figure 4.12D).  

 

Finally, we analyzed the pressure drops across the bioreactor. The contours of pressure at 

the center of the bioreactor (z = 20 µm) were generated (Figure 4.13A, flow rate = 40 

µL/min) and the pressure drop across each branch was estimated and an average for each 

arm calculated (Figure 4.13B). Arm 2 had the lowest pressure drop and this was also 



125 

consistent across various flow rates simulated (Figure 4.13C). The pressure drop of the 

bioreactor was linearly dependent on the inlet flow rate (Figure 4.13D).    

 

The CFD analysis revealed that there are regions with highly different maximum and 

minimum velocities and shear rates and that within the cell-free simulations presented, the 

bioreactor does not have a completely uniform environment as was originally intended.  
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Figure 4.11 Velocity analysis in Lung-USRB at z = 20 µm. (A) Velocity heat map through 

middle of the bioreactor along with inset showing details and velocity vectors in slit channels 
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– flow rate = 40 µL/min. (B) Maximum velocity for each branch within each arm of the 

bioreactor – flow rate = 40 µL/min. The maximum velocity was obtained from the center 

slit in row #1 of channels #1 and 3. Top inset of (A) indicates the location. n = 4 for each 

branch in arms 1-3. (C) Maximum average velocity for arms 1, 2 and 3 across four flow 

rates. Points calculated from locations sampled in (B) totaling n = 20 for each point on arms 

1 and 2 and n = 12 for arm 3. (D) The average velocity was calculated using the data points 

from (C) and plotted against flow rate and a line fitted. White arrows in (A) indicate direction 

of flow. Points and Bar plots = mean +/- standard deviation (SD). n = number of locations 

sampled from CFD. 
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Figure 4.12 Wall shear rate analysis in Lung-USRB. (A) Shear rate contours on the wall 

of the bioreactor along with inset showing details in slit channels – flow rate = 40 µL/min. 
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(B) Maximum shear rate for each branch within each arm of the bioreactor – flow rate = 40 

µL/min. The maximum shear rate was obtained from the center sit in row #1 of channels #1-

4. Top inset of (A) indicates the location. n = 8 for each branch in arms 1-3. (C) Shear rate 

for arms 1, 2 and 3 across four flow rates. Points calculated from locations sampled in (B) 

totaling n = 40 for each point on arms 1 and 2. n = 24 for arm 3. (D) The average wall share 

rate was calculated using the data points from (C) and plotted against flow rate and a line 

fitted. White arrows in (A) indicate direction of flow. Points and Bar plots = mean +/- SD. n 

= number of locations sampled from CFD. 
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Figure 4.13 Pressure drop analysis in Lung-USRB at z = 20 µm. (A) Pressure contours 

in the middle of the bioreactor – flow rate = 40 µL/min. The pressure drop was calculated 

from branch points above and below the slit channels as shown in (A). (B) Pressure drop for 

Arms 1, 2 and 3 across four flow rates. n = 5 for arms 1 and 2, n = 3 for arm 3. (C) The 

average pressure drop was calculated using the data points from (B) and plotted against flow 

∆P

A
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rate and a line fitted. White arrows in (A) indicate direction of flow. Points = mean +/- SD. 

n = number of locations sampled from CFD. 

 

4.3.7 Evaluating single-pass experiments in Lung-USRB with mPB and CB-Mks 

CD61+-selected mPB-Mks on Day 12 were injected upstream of the Lung-USRB to assess 

the proPLT and PLP potential of the system. The bioreactor was set to 10 µL/min and the 

microscope positioned at arm 1 and branch 1. We observed that Mks were trapped along all 

the slits we were monitoring with larger number of cells located in the first row of slits 

(Figure 4.14A). Mks generated proPLTs and PLPs (yellow arrows) and released PLPs were 

able to move across the slits even if Mks were occupying them. Long proPLT extensions 

were also observed when the microscope was moved to another part of the bioreactor, arm 

3 and branch 2 (Figure 4.14B). Since the field of view is small relative to the whole system, 

we couldn’t assess many areas of the bioreactor over one run.  

 

The effluent of the bioreactor was then collected after ~1 hr and assessed for PLP 

functionality. The fraction of Calcein+CD42b+ PLPs before the bioreactor run was ~57% 

and it surprisingly dropped to ~41% post reactor (Figure 4.15A) although there appeared to 

be a shift towards smaller Calcein+ particles. The bioreactor-PLPs displayed activation 

potential after adding thrombin and measuring CD62P expression and a pre-reactor sample 

had similar activity (Figure 4.15B). Finally, confocal images indicated that bioreactor-PLPs 

could spread over fibrinogen in the presence of thrombin (Figure 4.15C). Quick estimates 

indicated no substantial difference in CD42b+ PLPs produced before and after the bioreactor.    
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Figure 4.14 mPB-Mks generate proPLTs and PLPs in Lung-USRB. Trapped Mks at the 

slits generate proPLTs and PLPs (yellow arrows) with reactor positioned at (A) arm 1 and 

branch 1 and (B) arm 3 and branch 2. Flow rate = 10 µL/min. Mks stained with Calcein AM. 
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Figure 4.15 Effluent analysis of mPB-Mks from Lung-USRB at 10 µL/min. (A) Flow 

cytometry plots for CD42b vs. Calcein indicating double positive PLPs before and after the 

reactor run. Two populations seen inside the box may indicate different sized PLPs. (B) 

CD62P expression on Calcein+CD42b+ PLPs before and after the reactor run in the presence 

or absence of thrombin. (C) Confocal images showing bioreactor-PLPs resting on BSA and 

fibrinogen and spreading over fibrinogen in presence of thrombin. Red = actin and blue = 

DNA. Scale bar = 10 µm.  Flow rate = 10 µL/min.  
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In a future large-scale process, selection of Mks from the culture might be cost and labor 

prohibitive. Therefore, we processed non-selected cultures as well. We used non-selected 

CB cultures to test the potential for the bioreactor to process Mks in the presence of other 

cells. CB-cells (E0) were introduced into the bioreactor on Day 16 (10 µL/min) and we 

observed characteristic PLP and proPLT activity in these experiments (Figure 4.16A). We 

compared flow cytometry plots before and after the bioreactor for Calcein+CD42b+ cells and 

PLPs. There was a slight reduction in the fraction of double positive cells (Figure 4.16B) 

and a drop in PLPs (Figure 4.16C). Similarly, to our previous experiment with selected 

mPB-Mks, there wasn’t significant differences in PLP numbers before and after the 

bioreactor. 
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Figure 4.16 Effluent analysis of a non-selected CB culture from Lung-USRB at 10 

µL/min. (A) Images of Calcein-stained cells from non-selected CB culture trapped at the 

slits of bioreactor. ProPLTs and PLPs can be seen (yellow arrows). Flow cytometry plots for 

CD42b vs. Calcein indicating (B) double positive cells and (C) double positive PLPs before 

and after the reactor run. Flow rate = 10 µL/min.  
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4.3.8 Recirculation of CB and mPB-Mks through the Lung-USRB 

From the first set of experiments, we determined that the low flow rate, though enough to 

stimulate Mks to make PLPs and proPLTs, led to flow stagnation and overall low 

productivity. For the next experiments, we increased the flow rates and recirculated the 

processed volume four-times to try and increase PLP-yields. At 40 µL/min, a non-selected 

CB culture (E0) was placed in a syringe and 2.5 mLs perfused into the bioreactor. After one 

pass, the volume was reintroduced into the system. Flow cytometry plots before and after 

the 4th pass indicated that a dense population of particles was generated (Figure 4.17A). The 

fraction of cells that was Calcein+CD42b+ remained unchanged before and after the 4th pass 

(Figure 4.17B). The fraction of particles that were Calcein+CD42b+ was ~18% before and 

dropped to ~9% after the runs (Figure 4.17C). The activation potential of bioreactor-PLPs 

indicated a shift in CD62P expression after thrombin addition (Figure 4.17D).  

 

Next, we introduced selected mPB-Mks at 100 µL/min and processed the syringe volume 

four-times again. Image of the bioreactor run (Figure 4.18A) showed PLP generation and 

acceptable capture of Mks. The effluent characterization displayed similar results as the CB 

recirculation study. The fraction of CD41+CD42b+ PLPs dropped from 46% to 37% after the 

bioreactor runs (Figure 4.18B) while the bioreactor-PLPs still retained activation potential 

(Figure 4.18C). Confocal analysis of the effluent showed naked nuclei resting on BSA as 

well as PLPs that spread over fibrinogen in the presence of thrombin (Figure 4.18D).  We 

then examined a higher flow rate of 200 µL/min + recirculation. Images of the bioreactor 

run showed trapped Mks and PLP generation, but cells easily pushed through the slits at this 
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higher flow rate (streaks of Calcein in the images) and visually it was difficult at times to 

assess the productivity of the bioreactor at this speed (Figure 4.19). The fraction of 

CD41+CD42b+ PLPs had a greater drop after this experimental run from 51% to 24% 

(Figure 4.20A) yet retained activation potential (Figure 4.20B, C).  

 

In summary, the experimental runs with mPB-Mks and non-selected CB cultures suggest 

minimal PLP improvements and larger fractions of CD42b-negative PLPs being produced 

through either the potential loss of CD42b+ PLPs as well as inefficient fragmenting of Mks, 

especially at high flow rates and recirculation.  
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Figure 4.17 Recirculating a non-selected CB culture at 40 µL/min in Lung-USRB. Flow 

cytometry plots for (A) Side Scatter (SSC) vs. Forward Scatter (FSC), (B) CD42b vs. Calcein 

for cells population and (C) CD42b vs. Calcein for particles before and after 4 passes through 

the reactor. (D) CD62P expression on Calcein+CD42b+ PLPs after the reactor run in the 

presence or absence of thrombin. Bioreactor flow rate = 40 µL/min.  
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Figure 4.18 Effluent analysis of mPB-Mks after recirculation at 100 µL/min in Lung-

USRB. (A) Trapped Calcein-stained Mks at the slits generate proPLTs and PLPs (yellow 

arrows). (B) After gating on Calcein+ PLPs, flow cytometry plots for CD42b vs. CD41 

indicating double positive PLPs before and after the reactor runs. (C) CD62P expression on 

Calcein+CD42b+ PLPs before and after the reactor runs in the presence or absence of 

thrombin. (D) Confocal images showing bioreactor-PLPs resting on BSA and fibrinogen and 

spreading over fibrinogen in presence of thrombin. For fibrinogen and fibrinogen + 
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thrombin, red = actin and blue = DNA. For BSA, red = actin, blue = DNA and green = beta-

tubulin. Scale bar = 15 µm.  Bioreactor flow rate = 100 µL/min.  

 

Figure 4.19 mPB-Mks recirculating through Lung-USRB at 200 µL/min. Trapped Mks 

at the slits generate PLPs (yellow arrows). Mks also move quickly through slits and do not 

get captured. Flow rate = 200 µL/min. Mks stained with Calcein AM. 
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Figure 4.20 Effluent analysis of mPB-Mks after recirculation at 200 µL/min in Lung-

USRB. (A) After gating on Calcein+ PLPs, flow cytometry plots for CD42b vs. CD41 

indicating double positive PLPs before and after the reactor runs. (B) CD62P expression on 

Calcein+CD42b+ PLPs before and after the reactor runs in the presence or absence of 

thrombin. (C) Confocal images showing bioreactor-PLPs resting on BSA and fibrinogen and 

spreading over fibrinogen in presence of thrombin. For fibrinogen and fibrinogen + 

thrombin, red = actin and blue = DNA. For BSA, red = actin, blue = DNA and green = beta-

tubulin. Scale bar = 15 µm.  Bioreactor flow rate = 200 µL/min.  
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4.4 Discussion 

The use of microfluidic devices to study Mks has proven to be beneficial in understanding 

variables and environments that are conducive for proPLT and PLP generation.[48,50,77] 

We have previously introduced and discussed our uniform shear rate bioreactor, USRB-

7µm, and demonstrated that a single flow carrying Mks into high shear rate regions led to 

high productivity from mPB-Mks.[76]  In this chapter, we adapted the bioreactor to 

incorporate 5-µm slits (USRB-5µm) to improve the capture of CB-Mks due to their smaller 

size and ploidy compared to mPBs-Mks. The new version of the bioreactor retained uniform 

shear rate environments at all the slits, determined through CFD modeling. At the same flow 

rate of 1.5 µL/min in the center channel, the USRB-5µm generated max wall shear rates at 

the slits of 8200 s-1 which was higher than 5000 s-1 in the USRB-7µm[76], though similar 

orders of magnitude. The goal of the USRBs is to function as characterization tools to 

understand the potential of PLP generation. In this chapter, we evaluated three different CB 

cultures in the USRB-5µm and observed that the PLP-potential differed among the cultures. 

By determining that the culture protocol can impact PLP generation, the USRB-5µm could 

identify optimal cultures and provide additional information to further refine the Mk-

generation process upstream.  

 

In vivo studies in mice demonstrated that Mks entered the blood and were rapidly processed 

in the lung with nearly 50% of platelets being generated in the lung.[27] Shear rates in the 

lung capillaries have been estimated to be ~2800 s-1 [84]. Given our observations that a 

single flow carrying Mks into these high slit regions was enough to initiate and promote 
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proPLT formation and due to the in vivo mice observations, we attempted to scale up the 

device. The new device, Lung-USRB, retained the slit features and geometries from the 

smaller devices and used 5.5-µm slits.  

 

The Lung-USRB structure was inspired by a published lung-microfluidic device by 

Hoganson et al.[88] The authors were focused on studying oxygen and gas transfer across a 

gas permeable membrane and through the microfluidic network. Also using Murray’s law to 

set channel dimensions, the final width and height of their capillary region was 100 µm. The 

equivalent capillary region of the Lung-USRB is where the 5.5-µm slits are located and the 

width was 138 µm and height 40 µm. The Hoganson device was built using micro milling 

which allowed greater control of feature sizes and allowed aspect ratios to remain at 1:1. Our 

photolithography fabrication makes it difficult to retain the aspect ratio at 1:1 due to the need 

of having multiple exposures at various heights which can introduce fabrication defects.  

 

CFD analysis of the Lung-USRB revealed non-uniform velocity and shear rate environments 

across multiple simulated flow rates. Branches and channels located in the middle of the 

device had on average ~2x lower shear rates compared to outside locations. The ability to 

generate largely uniform environments within a branching-rectangular network was 

demonstrated Hoganson et al.[88] Therefore, improvements of the channel design of this 

first-generation Lung-USRB is highly desired and a more uniform shear environment should 

be achievable. Studies have used modified numerical methods to solve Murray’s law to 
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generate improved microfluidic models for rectangular-PDMS systems that predict and 

control the flow through branching networks more efficiently [91,92].  

 

Our Mk experiments within the Lung-USRB at various flow rates highlighted several 

promising observations and challenges that need to be addressed. We were able to process 

CD61+ selected mPB-Mks and non-selected CB-Mks. At all flow rates tested, we could 

observe Mks generating proPLTs and PLPs, though at higher flow rates visual assessment 

was more difficult. Collected PLPs could activate in the presence of thrombin and expose 

CD62P as well spread on fibrinogen-coated surfaces. Furthermore, recirculation 

experiments did not reveal any negative effects to the activation potential of the PLPs 

collected.  

 

On the other hand, we observed significant moments of flow stagnation at low flow rates 

which prevented a complete assessment of the Lung-USRB. To address this challenge, we 

could incorporate flow reversal with a peristaltic pump to dislodge trapped cells at the slits 

and allow flow to resume. Importantly, our estimates of PLP-yields did not lead to significant 

(if any) increases in CD42b+ PLP production for any of the conditions. Flow cytometry data 

indicated that our fraction of CD42b+ PLPs was lower compared to the pre-reactor samples 

and at high flow rates and recirculation we were generating smaller CD42b-negative 

particles. Whether these particles were CD42b+ and then shed the marker is unclear. Studies 

have shown that the fraction of nearly 100% CD42b+ blood platelets dropped to 80-70% 

after exposure for 0.5 seconds to non-physiological high shear rates (~40,000 to 80,000 s-
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1).[93] Though we did not achieve similar shear rates in the Lung-USRB, continuous 

exposure to our shear rates over multiple passes could lead to some CD42b shedding. Future 

studies could also be done with the GM6001 metalloproteinase inhibitor that has been shown 

to prevent CD42b shedding in vitro and in vivo.[94-96] Studies with expired blood platelets 

inside the Lung-USRB could also inform us of the potential loss of CD42b at various flow 

rates. Additionally, PLPs could be adhering to the PDMS or glass surface.     

 

To date, microfluidic systems for PLP generation have largely been focused on the slit-

capture aspect or the use of protein-coated pillars for Mk adherence.[48,50,76,82]  The 

Lung-USRB is the first microfluidic platelet bioreactor that has incorporated large 

physiological networks that mimic blood vasculature alongside with slit-capture to assess 

PLP potential. Though this first-generation device is not yet suitable to increases in PLP-

yields, improving the design to generate a more controlled and uniform environment should 

provide a better assessment of the Lung-USRB potential.  
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CHAPTER 5: Enabling large-scale ex vivo production of megakaryocytes from 

CD34+ cells using gas-permeable surfaces  

This chapter from a published study[97]: 

• Martinez AF, Miller WM. Enabling Large-Scale ex vivo Production of 

Megakaryocytes from CD34+ Cells Using Gas-Permeable Surfaces. STEM CELLS 

Translational Medicine. 2019;10.1002/sctm.18-0160 

5.1 Introduction  

A major challenge of generating large numbers of culture-derived platelets is producing 

large numbers of mature Mks from each input CD34+ cell.[10,34,98] Mks can be derived 

from either umbilical cord blood (UCB), bone marrow (BM), or mobilized peripheral blood 

(mPB) CD34+ HSPCs.[10] Also, induced pluripotent stem cells (iPSCs) have been used to 

generate Mks and Mk cell lines.[43,99-101] Media conditions and cytokine combinations, 

as well as manipulating the pH and pO2 during culture, are continuously being optimized for 

Mk production.[35,36,42] Although HSPC expansion has been studied in various 

technologies such as 2D static cultures, stirred systems and rocking bags [44,45], there has 

been minimal evaluation of new technologies for Mk production. Developing new culture 

processes for generating Mks should also improve culture productivities. Yang et al. 

demonstrated that a rotary cell culture system, which keeps cells in a continuous free-falling 

3D environment, enhanced the number of mature Mks from CB CD34+ cells.[46] 

 

Recently, the G-Rex membrane system has been used to expand large numbers of T-cells, 

NK cells, HSPCs, and other cell lines within a scalable closed system.[102-107] The gas-
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permeable membrane provides efficient oxygen transfer from the incubator atmosphere to 

the cells. CO2/O2 diffusion is no longer dictated by the media height, which usually restricts 

media usage in standard tissue culture flasks and wells. The G-Rex allows the use of various 

cell densities and larger volumes of media without the need for numerous media exchanges. 

Although the G-Rex system has shown extensive benefits for other cell types, it has not been 

evaluated for the expansion and differentiation of CD34+ cells into Mks.  

 

We investigated the G-Rex system for Mk production from mPB CD34+ cells using our 

three-phase protocol (Figure 5.1).[42] Recent studies have shown that fed-batch media 

dilution schemes increase HSPC expansion [108] so we also studied media dilutions. A key 

parameter for G-Rex is the seeding cell-surface density. Previous studies using the 

megakaryoblastic K562 cell line showed that cell-surface densities between 125 to 1000 x 

103 cells/cm2 yielded similar expansions, whereas a density of 62.5 x 103 cells/cm2 produced 

little to no expansion.[109] We screened various cell-surface densities and found that a 

seeding density of 40 x 103 cells/cm2 plus culturing the cells in G-Rex for the first 5 days, 

along with media dilutions, more than doubled Mk production per input CD34+ cell 

compared to using a standard tissue culture surface (STCS) and full media exchanges. G-

Rex conditions also increased the number of CD34+CD41+ cells produced by Day 7 of 

culture. Although the mean Mk ploidy was lower in G-Rex cultures, these conditions 

produced equal or greater numbers of high-ploidy Mks compared to STCS cultures. G-Rex 

Mks displayed characteristic proPLT extensions and PLPs collected from G-Rex Mks 
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showed in vitro functionality. These results demonstrate the potential of using gas-permeable 

surfaces and improved cell-culture techniques to increase ex vivo generation of Mks.  

 

 

 

Figure 5.1 Megakaryocyte (Mk) production protocol. Three-phase culture to expand and 

differentiate CD34+ mobilized peripheral blood (mPB) hematopoietic stem and progenitor 

cells (HSPCs) into Mks, utilizing different cytokine cocktails and/or oxygen levels in each 

stage.  

 

5.2 Materials and methods 

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich (St. Louis, MO), 

cytokines from Peprotech (Rocky Hill, NJ), and antibodies for flow cytometry analysis from 

BD Biosciences. LSR II or LSR Fortessa (BD Biosciences, San Jose, CA) flow cytometers 

were used to collect data and analysis was done using FlowJo v.10 (FlowJo LLC, Ashland, 

OR).  
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5.2.1 Cell culture 

Previously frozen mPB CD34+ cells obtained from the Fred Hutchinson Cancer Research 

Center (Seattle, WA) with Northwestern University Institutional Review Board approval 

were grown in 78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum Substitute 

(STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-density 

lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep, 100 ng/mL TPO, 

100 ng/mL SCF, 10 ng/mL IL-6, 10 ng/mL IL-11, and 2.5 ng/mL IL-3 (R&D Systems, Inc., 

Minneapolis, MN). Conditions were kept at 37°C, 5% CO2, and 5% O2 for 5 days (Panasonic 

incubator MCO-170M, Wood Dale, IL). After Day 5 and through rest of culture, cultures 

were grown in 37°C, 5% CO2, and 20% O2.  

 

Culture conditions have been labeled in the format XyyZ, where X represents major culture 

type (C, G), yy is the seeding density in thousands per cm2, and Z represents a modification 

(if relevant; R, D). R describes a G-rex condition that has restricted oxygen transfer and D 

describes diluted conditions. For example, STCS controls and G-Rex conditions seeded at 

11 x 103 cells/cm2 are C11 and G11, respectively. Diluted conditions would then be C11D 

or G11D.  

 

For STCS controls (C11), on Day 0 cells were seeded at 40,000 cells/mL in 6-well (9.5 cm2) 

plates with 0.28 mL of media/cm2. On Day 5, cells were resuspended in fresh media at a 

density of 250,000 to 450,000 cells/mL with 100 ng/mL TPO, 100 ng/mL SCF, 10 ng/mL 

IL-9, 10 ng/mL IL-11, and 10 ng/mL IL-3. On Day 7, cells were resuspended in fresh media 
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to a density of 450,00 to 600,000 cells/mL with 100 ng/mL TPO, 100 ng/mL SCF and 6.25 

mM nicotinamide. 

 

G-Rex experiments had seeding cell-surface density of 40 x 103 cells/cm2 (G40D), unless 

otherwise stated, in G-Rex 6-well (10 cm2) or 24-well (2 cm2) plates (Wilson Wolf Corp., 

Saint Paul, MN). Volumetric cell density was 40,000 cells/mL with 1 mL of media/cm2. On 

Day 5, the cells were removed from G-Rex and diluted with fresh media between a 1 and 

1.5-fold dilution ratio based on initial volume. Cytokines (same as STCS Day 5) were added 

for the full volume. On Day 7, a dilution ratio with fresh media was used (between 0.3 and 

1-fold) based on the Day 5 volume. Cytokines (same as STCS Day 7) were added for the 

full volume.  

 

A dilution control (C11D) condition was also created, seeded similarly to STCS control C11, 

but at Days 5 and 7 treated similarly to G-Rex cells as described above.  

 

To minimize differences in media volumes added and media heights, on Days 5 and 7, G40D 

and C11D dilutions targeted C11 density ranges specified above. Media heights for all 

conditions outside of G-Rex were kept between 0.25 to 0.30 cm. We observe donor-to-donor 

variability, but the same media heights were used for conditions from a single donor. Post 

Day 7, all conditions were maintained at a density between 700,000 to 1 million cells/mL.  

 



151 

Culture conditions have been labeled in the format XyyZ, where X represents major culture 

type (C, G), yy is the seeding density in thousands per cm2, and Z represents a modification 

(if relevant; R, D). R describes a G-rex condition that has restricted oxygen transfer and D 

describes diluted conditions. For example, STCS controls and G-Rex conditions seeded at 

11 x 103 cells/cm2 are C11 and G11, respectively. Diluted conditions would then be C11D 

or G11D.  

 

5.2.2 Initial screening of high cell-surface-density experiments 

On Day 0, cells were seeded in a G-Rex 24-well plate (2 cm2) (Wilson Wolf Corp., Saint 

Paul, MN) at cell surface densities of 100, 140, and 200 x 103 cells/cm2. The starting media 

volume for all G-Rex conditions was 8 mL. Four different media handling conditions were 

set-up as shown in Figure 5.2 and Table 5.1. 
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Figure 5.2 Preliminary screening of high surface densities in G-Rex. Three different 

surface densities, 100, 140, 200 x 103 cells/cm2 were tested in G-Rex 24-well plates with 2 

cm2 surface area per well using a single donor. Four different media handling conditions 

were tested for each density for a total of 12 conditions. Cells were transferred out of G-Rex 

on Day 7 into standard tissue culture surfaces. See Table 5.1 for additional details. 
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Table 5.1 Experimental set-up for high cell-surface-density conditions in G-Rex 

ID 

Media 

handling 

condition 

Surface 

density    

x 103 

cells/cm2 

Volumetric 

density 

cells/mL 

Day 5 Day 7 

G100 1 100 25,000 

Remove 3/4 media, 

mix, sample, replace 

3/4 media, add new 

cytokines. 

Transfer cells out 

of G-Rex, rinse 

well with 2 mL of 

media, mix, 

sample, and spin 

down cells. 

Replace media, 

add new cytokines. 

G140 1 140 35,000 

G200 1 200 50,000 

G100 2 100 25,000 

Remove 3/4 media, 

replace 3/4 media, add 

new cytokines. No 

mixing or sampling. 

G140 2 140 35,000 

G200 2 200 50,000 

G100 3 100 25,000 
Spike new cytokines 

(same amount as in 

Conditions 1 and 2). 

No new media. No 

mixing or sampling 

G140 3 140 35,000 

G200 3 200 50,000 

G100 4 100 25,000 Mix contents and 

sample. Spike new 

cytokines (same 

amount as in 

Conditions 1 and 2). 

No new media. 

G140 4 140 35,000 

G200 4 200 50,000 
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5.2.3 Initial screening of low cell-surface-density experiments and media dilutions 

On Day 0, cells were seeded in a G-Rex 6-well plate (10 cm2) at cell surface densities of 11 

or 40 x 103 cells/cm2 (G11D and G40D respectively). We tested leaving cells in G-Rex 

through Day 5 or Day 7 and using fed-batch media dilutions as well. A dilution control 

(C11D) was also created and seeded in standard tissue culture surface (STCS). All G-Rex 

conditions were seeded at 40,000 cells/mL volumetric density to match C11 and C11D 

controls. To minimize differences in media volumes added and media heights, on Day 5 and 

Day 7, dilutions targeted C11 density ranges of 250,000 to 450,000 cells/mL for Day 5 and 

450,00 to 600,000 cells/mL for Day 7. For all conditions, cytokines added for Day 5 and 

Day 7 was for the total final volume. Conditions are shown in Figure 5.3 and Table 5.2. 

 

Day 0 cytokines: 100 ng/mL TPO, 100 ng/mL SCF, 10 ng/mL IL-6, 10 ng/mL IL-11, and 

2.5 ng/mL IL-3 (R&D Systems, Inc., Minneapolis, MN). Day 5 cytokines: 100 ng/mL TPO, 

100 ng/mL SCF, 10 ng/mL IL-9, 10 ng/mL IL-11, and 10 ng/mL IL-3. Day 7 cytokines: 

100 ng/mL TPO, 100 ng/mL SCF and 6.25 mM nicotinamide 
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Figure 5.3 Screening lower surface densities in G-Rex. Two different surface densities, 

11 (G11D) and 40 x 103 cells/cm2 (G40D) were tested in G-Rex 6-well plates with 10 cm2 

surface area per well using a single donor. Cells where removed from the G-Rex on Day 5 

(G11D, G40D) or Day 7 (G11DL, G40DL) and transferred to standard tissue culture 

surfaces. See Table 5.2 for additional details. 
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Table 5.2 Experimental set-up for low cell-surface-density and media dilution 

conditions 

ID 

Surface 

density x 103 

cells/cm2 

Volumetric 

density 

cells/mL 

Day 5 Day 7 

C11 11 40,000 

Sample, and replace 

media per current 

protocol. 

Sample, and replace 

media per current 

protocol. 

C11D 11 40,000 

Sample, dilute cells to 

match new C11 

density (between 1 

and 1.5 dilution ratio 

based on initial 

volume). Sample, dilute cells to 

match new C11 density 

(between 0.3 and 1 

dilution ratio based on 

initial volume). 

G11D 11 40,000 
Transfer cells out of 

G-Rex, sample, dilute 

cells to match new 

C11 density (between 

1 and 1.5 dilution ratio 

based on initial 

volume). 
G40D 40 40,000 

G11DL 40 40,000 Sample, dilute cells to 

match new C11 

density (between 1 

and 1.5 dilution ratio 

based on initial 

volume). 

Transfer cells out of G-

Rex, sample, dilute 

cells to match new C11 

density (between 0.3 

and 1 dilution ratio 

based on initial 

volume). 
G40DL 11 40,000 
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5.2.4 Restricted oxygen and soft-surface studies in G-Rex 

To examine the contribution of the G-Rex soft surface and improved oxygen transfer, G-

Rex10 devices (Wilson Wolf Corp., Saint Paul, MN) were modified by the manufacturer by 

bonding a polystyrene film below the membrane to prevent oxygen transfer. Oxygen transfer 

would then occur through the media. G-Rex10 devices have the same surface area as the G-

Rex 6-well devices (10 cm2) that were used for comparisons. Seeding surface density was 

11 x 103 cells/cm2 for restricted (G11R) and standard (G11) devices and similar to controls 

seeded in standard tissue culture 6-well plates (C11). Dilutions of these conditions were also 

tested (G11RD, G11D, C11D). All conditions were seeded at volumetric density of 40,000 

cells/mL and had the same starting media of 2.75 mL.  

 

5.2.5 Platelet-like-particle (PLP) preparation and collection 

Cells seeded in a culture dish at a cell density of 1 x 106 cells/mL were placed on an orbital 

shaker (SK-O180-E, SCILOGEX, Rocky Hill, CT) set to 50 rpm on Day 11. On Day 13, the 

shaken cells and PLPs were harvested from the dish and spun down at 150 g for 5 min to 

pellet large cells. The supernatant was transferred to a fresh tube, prostaglandin E1 (PGE1, 

Cayman Chemical, Ann Arbor, MI) was added at 140 nM final concentration, and the 

solution was spun down at 2200 g for 20 min at room temperature to pellet PLPs. After the 

supernatant was discarded, the pellet was resuspended in HEPES/Tyrode’s (HT) buffer (10 

mM HEPES, 137 mM NaCl, 2.8 mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.4 mM 

Na2HPO4, 0.35% BSA, 5.5 mM glucose, pH 7.4) and allowed to rest for 20 min at room 
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temperature. CaCl2 at a final concentration of 2 mM was added to the suspension 5 min 

before use in assays. 

 

5.2.6 Flow cytometry  

Cells were washed twice at 4° C with cold PBS containing 2 mM EDTA and 0.5% BSA 

(PEB). Antibodies anti-CD41-FITC (555466), anti-CD42b-APC (551061) and anti-CD34-

PE (555822) were added to the samples and incubated for 30 min at 4° C. Cells were washed 

twice with PEB and incubated with DAPI (Invitrogen, Carslbad CA) for 15 min at room 

temperature before analysis.  

 

5.2.7 Mk ploidy analysis 

Cells were washed twice at 4° C with cold PEB and then incubated with anti-CD41 antibody 

for 30 min at 4° C. Cells were washed twice with PEB and then fixed with 0.5 % 

paraformaldehyde in PBS and incubated for 15 min at room temperature.  Cells were then 

permeabilized with 70% methanol for 1 h at 4° C, treated with RNAse for 30 min at 37° C 

and finally incubated with 50 µg/mL of propidium iodide to stain DNA before analysis. 

 

5.2.8 PLP flow cytometry 

PLP suspension was analyzed with antibodies against CD41, CD42b, CD62P-BV421 

(564038), and PAC-1-FITC (340507) or PAC-1-Alexa647 (362805, BioLegend, San Diego, 

CA). Thrombin at 3 U/mL was added to activate PLPs and samples were incubated for 15 
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min at room temperature. Expression of markers on PLPs was compared to unactivated (no 

thrombin), stained samples. 

 

5.2.9 proPLT and PLP immunofluorescence microscopy 

Cells were seeded on 8-well chamber glass slides (125658, Lab NunTek II, Thermo 

Scientific, Waltham, MA) on Day 11 at a density of 80,000 cells/mL. On Day 13, cells were 

fixed with 3.7% paraformaldehyde and then permeabilized with 0.3% Triton X-100 before 

sequentially staining with 5 µg/mL mouse anti-beta-tubulin primary antibody (5656321, BD 

Biosciences) and 1 µg/mL of Alexa Fluor 488-conjugated goat anti-mouse secondary 

antibody (A11001, Thermo Scientific). Cells were then incubated with TRITC-phalloidin, 

washed, and then stained with DAPI to identify nuclei. For PLPs, 8-well chamber slides 

were coated with fibrinogen (Innovative Research, Novi, MI) at 60 µg/mL in PBS or 1% 

BSA in PBS. On Day 13, the collected PLP suspension was added to each well and allowed 

to rest at room temperature for 15 min and then 3 U/mL of thrombin was added to one of the 

wells coated with fibrinogen and incubated for 20 min at room temperature. The wells were 

washed with warm PBS and then fixed as described above for proPLTs. PLP and proPLT 

slides were imaged using a 63x oil objective on a Leica DMI6000 Spinning Disc Confocal 

Microscope (Leica, Wetzlar, Germany).   

 

5.2.10 Aggregation flow chamber assay 

We created an open channel system that was derived and fabricated similarly to our 

previously published microfluidic slit-bioreactor wherein the slits were removed to create a 
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simple open channel device.[76] Fibrinogen at 60 µg/mL in PBS was introduced into the 

chamber and incubated for 1 h at 37°C. The chamber was positioned on a Lumascope 

microscope v500 (Etaluma Inc., Carlsbad, CA) placed inside an incubator (Thermo 

Scientific, Waltham, MA) at 37°C and 5% CO2. After the fibrinogen incubation, a syringe 

pump (NE-300, New Era Pump Systems Inc., Farmingdale, NY) with a 5-mL glass syringe 

(81520, Hamilton Company, Reno, NV) was used to rinse any unbound fibrinogen with PBS 

for 30 min. Then, HT buffer with final concentration of 2 mM CaCl2 and 25 µM ADP was 

added to a new syringe and flowed through the protein-coated chamber for 15 min before 

introducing PLP suspension. The density of particles between 2-6 µm was counted using a 

Coulter Multisizer (Beckman Coulter, Indianapolis, IN) and the PLP suspension density was 

adjusted to 45 x 106 particles/mL. The PLP suspension was stained with 1 µM Calcein AM 

at 37°C for 10 min and then 25 µM ADP added to the PLP suspension for another 5 min. 

200 µL of stained-PLP suspension was microinjected into the system. The flow-rate of the 

pump was set to 1.5 µL/min which is equivalent to a wall shear rate of ~100 s-1. A video was 

recorded using the Lumascope with a 20x objective.  

 

5.2.11 Bioreactor fabrication 

A 2D design of the USRB-7µm was created in AutoCAD 2014 (San Rafael, CA) and then 

printed onto a chrome mask (Front Range Photomask, Palmer Lake, CO). A silicon wafer 

(WRS Materials, San Jose, CA) was spin-coated with SU8-2035 photoresist (MicroChem 

Corp, Westborough, MA) at 4000 RPM for 30 s to achieve a photoresist height of 40 µm. 

The wafer was soft-baked at 65°C for 3 min and then hard-baked at 95°C for 6 min. 
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Afterwards, the wafer was exposed to UV light for 17 s using a Karl Suss MA6 Mask Aligner 

(SUSS MicroTec, Garching, Germany). The exposed resist was then baked at 95°C for 6 

min. Finally, the resist was developed using SU8 developer solution (MicroChem) for 2 min 

and dried with a nitrogen gun. The dry wafer was silanized overnight (5 µL of 1H,1H,2H,2H-

perfluorooctyltrichlorosilane; Alfa Aesar, Ward Hill, MA) in a vacuum chamber. Next, a 

1:10 curing agent to polydimethyl siloxane (PDMS) solution (Slygard 184 Kit; Electron 

Microscopy Sciences, Hatfield, PA) was poured over the wafer to cast a mold that was placed 

in an oven at 65°C overnight. The PDMS mold was then cut, holes for inlets and outlets 

created with a 2-mm punch, and the PDMS plasma-bonded (Model BD-20; Electro-Technic 

Products, INC, Chicago, IL) to an ethanol-cleaned premium plain glass slide (USRB-7µm 

or USRB-5µm, 25 x 75 x 1 mm; VWR, Radnor, PA and Lung-USRB, 75 x 50 x 100; Fisher 

Scientific, Hampton, NH).  

 

5.2.12 Bioreactor perfusion with Mks in USRB-7µm 

The USRB-7µm was positioned on a Lumascope microscope v500 (Etaluma Inc., Carlsbad, 

CA) placed inside an incubator (Thermo Scientific, Waltham, MA) maintained at 37°C and 

5% CO2. Separate syringe pumps (NE-300, New Era Pump Systems Inc., Farmingdale, NY) 

were used for each flow channel. A 5-mL glass syringe (81520, Hamilton Company, Reno, 

NV) was used for the outer channels and a 2.5-mL glass syringe (81420, Hamilton) was used 

for the center channel. Media (78% IMDM, 20% BIT 9500 Serum Substitute, 1% 

Glutamax,1 µg/mL low-density lipoproteins, 100 U/mL Pen/Strep) without cytokines was 

perfused throughout the bioreactor for 15 min at 6.5 μL/min prior to Mk introduction. 
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Nonselected Grex-Mks at density of 50,000 cells/mL were stained for 15 min with 1 µM 

Calcein AM at 37°C. After the media perfusion, 25,000 cells were microinjected into the 

tubing upstream from the reactor. No cells were present within the syringes. A video was 

recorded of each bioreactor run. 

 

5.2.13 Statistical analysis 

Paired t-tests were conducted for all pairs of conditions, and the significance level was set at 

p < 0.05.  Bar graphs and plots are shown with standard errors of mean (SEM) and standard 

deviation (SD, used in Figures 5.12, 5.16 and 5.17). 

 

5.3 Results 

5.3.1 Initial cell-surface screening studies in G-Rex 

First, we screened initial cell surface densities of 100, 140, and 200 x 103 CD34+ cells/cm2 

based on results published for K562 cells.[109] We also evaluated a media exchange on Day 

5 vs. spiking in the new cytokine cocktail (Figure 5.2 and Table 5.1). Conditions were kept 

in G-Rex until Day 7. Surprisingly, all of the G-Rex conditions yielded lower total nucleated 

cell (TNC) and CD42b+ cell production compared to the control, while spiking cytokines 

instead of media exchanges did not significantly affect the results (Table 5.3). Since the 

lower surface density of 100 x 103 cells/cm2 tended to outperform the higher surface 

densities, we next screened lower surface densities while keeping cultures in G-Rex until 

Day 5 or Day 7 and performed media dilutions (G11D, G40D in Figure 5.3). G40D started 

at 40 x 103 cells/cm2 and G11D matched the control surface density (C11) of 11 x 103 
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cells/cm2. A control media dilution (C11D) was also tested. C11D increased CD42b+ cell 

production compared to C11.  G11D showed 30% improvement over C11 but produced less 

than C11D. G40D provided the most effective CD42b+ cell production from all conditions 

(Table 5.4). Harvesting cells from the G-Rex on Day 5 instead of Day 7 led to increased 

CD42b+ cell production for both G11D and G40D.  

 

Table 5.3 Results for screening of high surface densities in G-Rex 

ID 

Media 

handling 

condition 

Surface 

density x 

103 

cells/cm2 

Volumetric 

density 

cells/mL 

%CD41+ 

CD42b+ 

cells 

TNC 

Fold 

CD42b+ 

cells 

produced 

G100 

1 

100 25,000 30.1 29 7 

G140 140 35,000 22 25 6 

G200 200 50,000 22.3 21 4 

G100 

2 

100 25,000 29 23 7 

G140 140 35,000 27.5 21 5 

G200 200 50,000 23 22 4 

G100 

3 

100 25,000 32.6 25 8 

G140 140 35,000 22 22 4 

G200 200 50,000 19.3 19 3 

G100 

4 

100 25,000 29.3 26 7 

G140 140 35,000 27.4 24 5 

G200 200 50,000 20.6 23 5 

C10 Control 10 50,000 37.6 46 15 

 

For G-Rex conditions shown in Figure 5.2 and Table 5.1, plus a control (C10), the 

maximum %CD41+CD42b+ cells, viable total nucleated cell expansion (TNC Fold), and 

CD42b+ cells produced per input CD34+ cell, are shown. Results are for a single donor. 
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Table 5.4 Results from screening lower surface densities in G-Rex and media 

dilutions 

ID 

Surface 

density x 103 

cells/cm2 

Volumetric 

density 

cells/mL 

%CD41+ 

CD42b+ 

cells 

TNC 

Fold 

CD42b+ cells 

produced 

C11 11 40,000 47.8 39 18 

C11D 11 40,000 48.5 58 28 

G11DL 11 40,000 44.8 40 18 

G11D 11 40,000 43.5 54 24 

G40DL 40 40,000 52.2 78 41 

G40D 40 40,000 52 87 45 

 

For G-Rex conditions shown in supplemental information Figure 5.3 and Table 5.2, plus a 

control (C11), and a dilution control (C11D), the maximum %CD41+CD42b+ cells, viable 

total nucleated cell expansion (TNC Fold), and CD42b+ cells produced per input CD34+ cell, 

are shown. Results are for a single donor. 
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5.3.2 Cell-surface density of 40 x 103 cells/cm2 in G-rex improves total nucleated cell 

(TNC) and Mk production 

 

Through early screening experiments with single donors, we identified that seeding the cells 

at a surface density of 40 x 103 cells/cm2 through the first 5 days of culture and employing 

media dilutions on Days 5 and 7 provided effective CD42b+ Mk production – condition 

G40D.  We further investigated G40D and compared it to a dilution control C11D and the 

standard process C11 across multiple donors. The viability of G40D and C11D remained 

significantly higher compared to C11, which correlated with an increased viable TNC for 

these conditions by Day 11 (Figure 5.4A, B). The CD41+ cell fraction over time was similar 

across the conditions until Day 13 and CD41+ cell production per input CD34+ cell was 

greatest in G40D by Day 11 (Figure 5.5). The %CD41+CD42b+ cells increased similarly 

across the conditions with G40D cultures generating on average larger numbers of CD42b+ 

cells produced per input CD34+ cell by Day 11 (Figure 5.4C, D). Interestingly, there was a 

larger drop in purity and Mk numbers on Day 13 in both C11D and G40D compared to C11.  

 

Peak TNC expansion per input CD34+ cell was significantly higher in G40D compared to 

all conditions, and C11D was also higher compared to C11 (C11 vs. G40D, p = 1e-4; C11 

vs. C11D, p = 2e-3; C11D vs. G40D, p = 8e-3; Figure 5.4E). Peak CD42b+ cell production 

per input CD34+ cell was highest in G40D at 39 ± 19 compared to 28 ± 9 for C11D and 18 

± 8 for C11 (C11 vs. G40D, p = 3e-4; C11 vs. C11D, p = 1e-4; C11D vs. G40D, p = 0.01; 

Figure 5.4F).  The number of CD42b+ cells produced per mL of media used was 2-fold and 

3-fold higher than C11 for C11D and G40D, respectively (C11 vs. C11D, p = 1-e5; C11 vs. 
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C40D, p = 2e-4; C11D vs. G40D, p = 0.04; Figure 5.4G). It should be noted that there were 

no differences in cytokine usage between the conditions in these experiments and that G40D 

and C11D had similar media dilutions on Days 5 and 7. Importantly, we observed positive 

effects for a high-performing donor that generated 29 CD42b+ cells per input CD34+ cell for 

C11 and 75 CD42b+ cells for G40D and for a low-performing donor that yielded only 4 

CD42b+ cells for C11 but 9 CD42b+ cells per input CD34+ cell for G40D. Based on these 

results, the combination of G-Rex and media dilutions significantly improved culture 

productivities. 
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Figure 5.4 G-Rex at seeding density of 40 x 103 cells/cm2 and dilutions improve overall 

culture productivity. (A-D) Time course profiles for G-Rex at seeding density of 40 x 103 

cells/cm2 with dilutions (green, G40D) compared to control (blue, C11), and dilution control 
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(red, C11D). (A) Viability profiles. (B) Viable total nucleated cell (TNC) fold expansion per 

input CD34+ cell. (C, D) The percentage of cells that are CD41+ CD42b+ and production of 

CD41+CD42b+ cells per input CD34+ cell over time. Points = mean +/-SEM. n = 11 for all 

points except Day 13 where n = 9. For points with both C11D and G40D significantly 

different from C11: ***p < 0.001, **p < 0.01, *p < 0.05. For G40D vs. C11 only **4 = p < 

0.01, *4 = p < 0.05. For G40D vs. C11D only **d = p < 0.01, *d = p < 0.05. For C11D vs. 

C11 only **2 = p < 0.01. Violin plots for (F) peak TNC production, (G) peak CD42b+ cells 

produced per input CD34+ cell and (H) CD42b+ cells produced per mL of media used. 

Individual donors (n =11) represented as grey dots and connected by lines. White dot = 

median, black bars = 25/75 quantiles, white line = mean.  

 

Figure 5.5 CD41+ cell production of G-Rex at seeding density of 40 x 103 cells/cm2 and 

dilutions. Time course profiles for G-Rex at seeding density of 40 x 103 cells/cm2 with 

dilutions (green, G40D) compared to control (blue, C11), and dilution control (red, C11D). 

(A) The percentage of cells that are CD41+ CD42b+ and (B) production of CD41+CD42b+ 

cells per input CD34+ cell over time for the cultures shown in Figure 5.4. Points = mean +/-
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SEM. n = 11 for all points except Day 13 where n = 9. For points with both C11D and G40D 

significantly different from C11: ***p < 0.001, **p < 0.01, *p < 0.05. For G40D vs. C11 

only **4 = p < 0.01, *4 = p < 0.05. For G40D vs. C11D only **d = p < 0.01, *d = p < 0.05. 

For C11D vs. C11 only **2 = p < 0.01, *2 = p < 0.05. 

 

5.3.3 G-Rex cells retain CD34 longer 

CD34 expression was lost over the culture across all conditions, but surprisingly remained 

significantly higher in G40D (C11 vs. G40D, p = 2-e5; C11D vs. C40D, p = 2e-4; Figure 

5.6A) which produced 1.5-fold more CD34+ cells by Day 7 (Figure 5.6B). In all conditions, 

we observed populations of cells that were CD34+CD41+ and CD34+CD41+CD42b+, and 

G40D had consistently higher percentages of these cells (Figure 5.6C-E). On Day 7, the 

fraction of CD34+CD41+ cells was significantly higher in G40D with nearly double the 

numbers of CD34+CD41+ cells produced compared to C11 and C11D (Figure 5.6D). The  

fraction  and numbers of CD34+CD41+CD42b+ cells produced was also significantly higher 

in G40D by Day 7 (Figure 5.6E). G40D had the lowest %CD34ꟷCD41+ cells on Day 7 and 

a lower number of CD34ꟷCD41+ cells produced (Figure 5.7).  Since the TNC fold expansion 

on Day 7 was similar across conditions (Figure 5.4B), these results suggest that the G-Rex 

affected the retention of CD34. This was likely not due to the media dilution since C11 and 

C11D had similar results.  
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Figure 5.6 G-Rex cells retain CD34 longer and exhibit increased CD34+CD41+ cell 

production. (A) Percentage of the culture that is CD34+ and (B) fold expansion of CD34+ 
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cells per input CD34+ cell. (C) Representative flow cytometry plots on Day 7 for CD41 and 

CD42b vs. CD34 for control C11, dilution control C11D and G40D. Black arrows denote 

higher percentages of CD34+CD41+ and CD34+CD41+CD42b+ cells in G40D. For Days 5 

and 7, percentage and fold production of (D) CD34+CD41+ cells and (E) 

CD34+CD41+CD42b+ cells. (A, B), points = mean +/- SEM, n = 11 for Days 0-7, n = 9 for 

all other points. (D, E), bars = mean +/- SEM, n = 11. For all, ***p < 0.001, **p < 0.01, *p 

< 0.05. 

 

Figure 5.7 G-Rex cells have lower numbers of CD34-CD41+ cells. (A) Percentage of the 

culture that is CD34-CD41+ and (B) fold expansion of CD34-CD41+ cells per input CD34+ 

cell for the cultures shown in Figure 5.6. Bars = mean +/- SEM, n = 11. ***p < 0.001, **p 

< 0.01, *p < 0.05. 
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5.3.4 G-Rex conditions have lower %high-ploidy and higher numbers of 2N and 4N 

Mks 

Mk ploidy was measured on Day 11 (Figure 5.8A, B). G40D cultures exhibited generally 

lower ploidy than C11 cultures with a greater percentage of 2N Mks (40 ± 6% C11 vs. 47 ± 

5% G40D, p = 1e-3, Figure 5.8B). G40D also had significantly lower fractions of 6N+8N, 

16N and 32N Mks (Figure 5.8B). C11 had a higher mean ploidy (inset Figure 5.8B) and 

increased %high-ploidy compared to G40D (32 ± 7% C11 vs. 23 ± 5% G40D, p = 2e-4, 

Figure 5.8C). C11D demonstrated mean ploidy and %high-ploidy similar to G40D. An 

additional late sample on Day 13 for one donor showed a decrease in %high-ploidy fractions 

across all conditions, but no changes to the relative ploidy distributions (Figure 5.9). 

 

G40D generated 2.5-fold more 2N and 4N Mks, ~2-fold more 6N+8N Mks and similar 

numbers of 16N Mks compared to C11 (Figure 5.10). C11D also increased 2N and 4N Mk 

numbers by ~1.7-fold but had minimal effect on 6N+8N Mks (Figure 5.10). Though G40D 

conditions had lower %high-ploidy, this was more than offset by the greater Mk expansion. 

By Day 11, G40D generated 9 ± 3 high ploidy Mks per input CD34+ cell compared to 6 ± 2 

for C11 and C11D (p = 9e-5, Figure 5.8D).  To estimate the overall platelet-like-particle 

(PLP) production potential, we calculated the total Mk DNA produced per input CD34+ cell 

on Day 11, which is equal to the sum of Mks produced per input CD34+ cell for each ploidy 

fraction times their respective DNA content (i.e., 2N Mks = 1, 4N Mks = 2). G40D increased 

the total Mk DNA content by 1.8-fold (Figure 5.8E and Table 5.5). Therefore, media 
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dilutions (C11D) and G-Rex + media dilutions both decreased %high-ploidy, but G40D 

significantly expanded the Mk DNA pool compared to C11 and C11D.  

 

 

Figure 5.8 G-Rex with media dilutions have lower %high-ploidy but greater total Mk 

DNA. (A) Representative Day 11 ploidy plots for control C11, dilution control C11D, and 
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G40D conditions. (B) The percentages of 2N, 4N, 6N+8N, 16N, and 32N cells with inset 

showing mean ploidy. (C) %high-ploidy (> 4N) of each condition. (D) Number of high 

ploidy (> 4N) megakaryocytes (Mks) produced per input CD34+ cell. (E) Total Mk DNA 

produced is equal to the sum of Mks produced per input CD34+ cell for each ploidy fraction 

times their respective DNA content (i.e., 2N Mks = 1, 4N Mks = 2; See Supplemental 

Information Table S5 for example). Bars = mean +/- SEM, n = 11. ***p < 0.001,  **p < 

0.01, *p < 0.05. 
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Figure 5.9 Ploidy distributions of G-Rex at seeding density of 40 x 103 cells/cm2 and 

dilutions between Days 11 and 13. Ploidy plots for Day 11 and Day 13 for control C11, 

dilution control C11D and G40D for a single donor. The Day 11 and Day 13 plots for each 

condition show similar patterns, but lower %high-ploidy cells at Day 13. 
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Figure 5.10 G-Rex at seeding density of 40 x 103 cells/cm2 yield greater numbers of 2N, 

4N and high-ploidy Mks. For control C11, dilution control C11D, and G40D, the number 

of CD41+ Mks produced per input CD34+ cell that are (A) 2N, (B) 4N, (C) 6N+8N, and (D) 

16N for the cultures shown in Figure 5.8. Bars = mean +/- SEM, n = 11. ***p < 0.001, **p 

< 0.01, *p < 0.05. 
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Table 5.5 Example calculations for total Mk DNA produced per input CD34+ cell for 

five separate mPB donors 

 

  Ploidy Level * DNA Content  

Donor 1 CD41+ Fold 2N 4N 6N+8N 16N 32N DNAProd 

C11 31.2 14.6 15.7 25.2 16.7 0.0 72 

C11D 45.5 23.9 25.8 26.6 13.0 0.0 89 

G40D 78.7 44.7 43.8 42.2 11.5 0.0 142 

Donor 2 CD41+ Fold 2N 4N 6N+8N 16N 32N DNAProd 

C11 19.5 7.9 12.1 13.8 11.4 6.2 51 

C11D 20.5 9.5 12.6 11.7 10.1 4.3 48 

G40D 27.4 12.9 16.4 16.5 12.5 6.0 64 

Donor 3 CD41+ Fold 2N 4N 6N+8N 16N 32N DNAProd 

C11 16.5 6.0 8.4 13.5 19.8 6.5 54 

C11D 29.6 13.7 17.4 20.1 15.4 3.6 70 

G40D 47.2 23.9 26.5 26.8 23.2 3.7 104 

Donor 4 CD41+ Fold 2N 4N 6N+8N 16N 32N DNAProd 

C11 15.8 6.5 7.8 11.5 13.9 4.8 44 

C11D 31 14.0 17.5 20.1 14.9 3.9 70 

G40D 36.3 18.0 18.6 22.9 18.4 6.7 85 

Donor 5 CD41+ Fold 2N 4N 6N+8N 16N 32N DNAProd 

C11 4.5 1.8 1.3 0.9 0.4 0.5 12 

C11D 12.5 5.9 3.4 2.2 0.7 0.8 28 

G40D 9.6 4.4 2.7 1.9 0.6 0.4 22 
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5.3.5 G-Rex-grown Mks are capable of making proPLTs and PLPs 

Next, we studied proPLT formation. Cells were seeded in wells on Day 11 and proPLTs 

were imaged on Day 13. Brightfield images of cells making proPLTs are denoted with 

yellow-arrow heads for C11, C11D and G40D (Figure 5.11-A1, B1, C1). Additionally, 

confocal microscopy was used to assess proPLT morphology. Across all three conditions, 

polyploid cells were observed (Figure 5.11-A2, B2, C2). Mks undergoing initial stages of 

proPLT formation exhibited extensive cytoskeletal re-arragenement and thick cytoplasmic 

projections (Figure 5.11-A3, B3, C3) eventually leading to beads-on-a-string extensions 

(Figure 5.11-A4, B4, C4). We have previously shown that Mks from our standard culture 

process can generate PLPs after shaking the suspension on an orbital shaker.[42] To evaluate 

the quality of PLPs from G40D cultures, cells were shaken starting on Day 11 and sampled 

on Day 13. CD42b+ PLPs demonstrated the potential for activation in the presence of 

thrombin via the binding of PAC-1 (Figure 5.11D) and via translocation of CD62P to the 

membrane (Figure 5.11E). Additionally, confocal analysis of the collected PLPs showed 

characteristic changes in morphology when thrombin was added, as they spread on 

fibrinogen and increased in surface area (Figure 5.11E). Finally, PLPs were able to form 

clots within a flow aggregation study in the presence of ADP over a fibrinogen-coated 

surface (Figure 5.11G). We estimated that the number of CD42b+ PLPs per input Mk was 

lower in G40D and C11D but the yields per input CD34+ cell was similar to C11 (Figure 

5.12). Additionally, using our published uniform shear rate bioreactor, USRB-7µm, G40D-

Mks were able to generate proPLTs and PLPs in the presence of shear forces (Figure 5.13). 
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Figure 5.11 G-Rex Mks form proPLTs and generate PLPs. proPLT formation on Day 13 

for culture conditions C11 (A), dilution control C11D (B), and G40D (C): (1) brightfield 
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images with yellow arrow-heads pointing to proPLT-making megakaryocytes (Mks), (2) 

large high-ploidy Mk (yellow arrow-head), (3) early stages of proPLT formation, (4) late-

stage proPLT formation. Scale bars = 15 µm. (D) PAC-1 binding of G40D-PLPs in the 

absence (blue) and presence (orange) of thrombin. (E) CD62P expression of G40D-PLPs in 

the absence (blue) and presence (orange) of thrombin. For (D) and (E), analysis shown for 

gated CD42b+ PLPs, and the unstained sample shown as red. (F) Confocal microscopy 

analysis of resting G40D-PLPs on BSA and on fibrinogen in the absence (upper) or presence 

(2 lower) of thrombin. Scale bar = 15 µm. (G) Collected G40D-PLPs were introduced into 

a fibrinogen-coated flow chamber to demonstrate aggregation potential in the presence of 

25 µM ADP and 2 mM CaCl2. Images shown are 4 minutes apart. PLPs have been stained 

with Calcein AM. White arrow is direction of flow. Scale bar = 50 µm. For confocal images, 

red = actin, green = beta-tubulin, blue = DNA.  

 

Figure 5.12 G-Rex PLP generation estimates from orbital shaker on Day 13. (A) 

CD42b+ PLPs produced per seeded Mk on Day 11 and sampled on Day 13. (B) CD42b+ 

PLPs per input CD34+ cell sampled on Day 13. Bars = mean +/- SD. n = 4 for C11 and G40D 

and n = 2 for C11D.  

A B



181 

 

Figure 5.13 Analysis of proPLT and PLP generation from G40D-Mks in bioreactor. 

Calcein stained Mks on Day 13 from G40D conditions demonstrating proPLT and PLP 

potential under shear conditions inside uniform shear rate bioreactor, USRB-7µm. Yellow 

arrows = Mks/proPLTs/PLPs. Center channel flow rate = 1.5 L/min and combined outside 

flow = 0 L/min. 

 

 

PLPs

Mks

proPLTs

PLPs
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5.3.6 Increased Mk production is driven by media retention and an increase in Mk 

progenitors at higher G-Rex densities 

We sought to understand what was driving the increase in Mk production from G40D 

conditions. First, the soft-surface was analyzed by using modified G-Rex devices that 

restricted oxygen transfer across the membrane (G11R) and thus operated as standard culture 

wells in terms of oxygen transfer. Second, the impact of improved oxygen transfer and 

higher oxygen tension was evaluated by comparing G11R to non-restrcited G11 cultures 

(standard G-Rex device). The G11R and G11 conditions were seeded at same cell-surface 

densities as C11. Third, standard G-Rex devices were tested across four increasing seeding 

densities G11, G25, G40, and G80. Finally, media dilutions were evaluated across all 

conditions, i.e., G40 vs. G40D (Figure 5.14).  

 

 

Figure 5.14 Experimental layout for variables that may affect Mk expansion in G-Rex 

and diluted conditions. 

Surface 
density x 103

cells/cm2

Volumetric 
density 

(cells/mL)
Oxygen

Soft-
Surface

Dilution

C11 11 40,000
ꟷ ꟷ ꟷ

ꟷ ꟷ +

G11R 11 40,000
ꟷ + ꟷ

ꟷ + +

G11 11 40,000
+ + ꟷ

+ + +

G25 25 40,000
+ + ꟷ

+ + +

G40 40 40,000
+ + ꟷ

+ + +

G80 80 40,000
+ + ꟷ

+ + +

C11 G11R G11

G-Rex Cell density
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TNC and Mk expansion between C11 and G11R were similar demonstrating that the soft 

surface at this density has minimal impact (Figure 5.15-A1, 2). However, G11 cultures had 

on average lower production than G11R and C11 cultures and seemed to have delayed TNC 

expansion, Mk commitment and Mk production (Figure 5.15-A1, 2 and Figure 5.16). This 

could potentially be attributed to higher oxygen tension near the cells in G11. There were no 

differences in %CD34+CD41+ cells by Day 7 (Figure 5.15-A3) and there was a greater 

increase in %high-ploidy Mks by Day 11 for G11R and G11 compared to C11 (Figure 5.15-

A4). For all conditions, media dilutions improved TNC and Mk expansion, while reducing 

%high-ploidy. 

 

Increasing the G-Rex seeding density appeared to overcome the expansion limitation seen 

for G11 with further positive effects with media dilutions (Figure 5.15-B1, 2 and Figure 

5.16). At surface densities above 25 x 103 cells/cm2, the %CD34+CD41+ cells were 

significantly higher by Day 7 regardless of media dilutions (Figure 5.15-B3). Our high-

surface-density screening experiments ( ≥ 100 x 103 cells/cm2) also had higher 

%CD34+CD41+ cells that further increased from Day 7 to Day 9 compared to controls 

(Figure 5.17). G40D cells kept in G-Rex until Day 7 (G40DL) had higher %CD34+CD41+ 

cells (Figure 5.18). %High-ploidy decreased with increasing surface density among diluted 

conditions (Figure 5.15-B4). For all conditions shown in Figure 5.15, culture viability was 

higher with media dilutions (Figure 5.19).  
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Figure 5.15 Factors contributing to expansion in G-Rex cultures. (A) Oxygen and 

surface comparison across C11, a restricted oxygen G-Rex device (G11R), and a standard 
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G-Rex device (G11) all seeded at the same cell-surface density of 11 x 103 cells/cm2. (B) 

Increasing G-Rex cell-surface density: 11 (G11), 25 (G25), 40 (G40) and 80 (G80) x 103 

cells/cm2. All conditions in (A) and (B) were also tested with dilution (triangle) or no dilution 

(open circle). Mean (+/- SD) calculated for conditions using paired points with grey lines 

connecting individual donors across diluted/non-diluted conditions. Dilution denoted with 

“D” added to condition name. Total cultures C11/C11D, n = 11; G11R/G11RD, n = 4; G11, 

n = 4; G11D, n =5; G25/G25D, n = 4; G40, n = 9; G40D, n = 11; G80, n = 3 and G80D, n = 

6. TNC = total nucleated cell. Statistics were evaluated by comparing (1) to respective C11 

controls paired across the same donors, (2) diluted/non-diluted conditions paired across the 

same donors (grey lines), (3) dilution control C11D to G-Rex conditions paired across same 

the donors when n ≥ 3, and (4) G-Rex conditions paired across the same donors when n ≥ 3. 

For reference, colors for C11 (blue), C11D (red) and G40D (green) are the same as presented 

starting from Figure 5.4.   

Compared to main control C11: *p < 0.05, **p < 0.01, ***p < 0.001 

Comparing No Dilution vs. Dilution (grey lines): #p < 0.05, # # p <0.01, # # # p <0.001 

(B1, C1) Peak TNC  

C11D vs. G11R**, G11*, G11D*, G40* ; G40D vs. G11R**, G11RD*, G11**, G11D**; 

G11RD vs. G11**, G11D*; G11R vs. G11* 

(B2, C2) Peak CD42b cells  

C11D vs. G80D*; G40D vs. G11R*, G11RD*, G11*, G11D*; G11RD vs. G11* 

(B3, C3) %CD34+CD41+ cells  

C11D vs. G40***, G80*, G80D**; G40D vs. G11R**, G11RD*, G11*, G11D**, G25*, 

G25D* 

(C4, C4) %High Ploidy Mks  

C11D vs. G11R*, G11RD*, G11*, G25*, G40***, G80*; G40D vs. G11R*, G11*, G25*; 

G11RD vs. G11*, G11R vs. G11D*  
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Figure 5.16 Time profiles for conditions shown in Figure 5.15. Different seeding 

densities, whether the oxygen transfer had been restricted in a G-Rex device, and the soft-

surface component were evaluated. Each row indicates a condition and each column the 

variable of interest. Dilution denoted with “D” added to condition name. Control C11, 

restricted oxygen G-Rex device (G11R), and a standard G-Rex device (G11) all seeded at 

same cell-surface density of 11 x 103 cells/cm2. G-Rex surface cell densities of 11 (G11), 25 
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(G25), 40 (G40) and 80 (G80) x 103 cells/cm2 were tested. Points = mean +/-SEM. TNC = 

total nucleated cells. Mk = megakaryocyte. 

 

 

Figure 5.17. High G-Rex surface densities have greater CD34 retention. Plots for three 

high surface densities tested on Days 7 and 9 showing higher %CD34+CD41+ cells in G-Rex 

cultures compared to a control (one donor). Densities: 100 (G100), 140 (G140) and 200 

(G200) x 103 cells/cm2.  
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Figure 5.18 Cells kept in G-rex until Day 7 (G40DL) vs. Day 5 (G40D) retain CD34 

longer. (A) G40DL has greater and more sustained CD34 retention than G40D, control C11 

and dilution control C11D. (B) %CD34+CD41+ cells on Day 7. Results shown for a single 

donor. 
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Figure 5.19 Factors contributing to greater %Viability in G-Rex and diluted cultures. 

(A) Oxygen and surface comparison across C11, a restricted oxygen G-Rex device (G11R), 

and a standard G-Rex device (G11) all seeded at the same cell-surface density of 11 x 103 

cells/cm2. (B) Increasing G-Rex cell-surface density 11 (G11), 25 (G25), 40 (G40) and 80 

(G80) x 103 cells/cm2. All conditions in (A) and (B) were also tested with dilution (triangle) 

or no dilution (open circle). Mean (+/- SD) calculated for conditions that have paired points 

with grey lines connecting individual donors across diluted/non-diluted conditions. Dilution 

denoted with “D” added to condition name. Total cultures C11/C11D, n = 11; G11R/G11RD, 

n = 4; G11, n = 4; G11D, n =5; G25/G25D, n = 4; G40, n = 9; G40D, n = 11; G80, n = 3 and 

G80D, n = 6. Statistics were evaluated by comparing (1) to respective C11 controls paired 

across the same donors, (2) diluted/non-diluted conditions paired across the same donors 

(grey lines), (3) dilution control C11D to G-Rex conditions paired across same the donors 
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when n ≥ 3, and (4) G-Rex conditions paired across the same donors when n ≥ 3. Cultures 

are the same as those shown in Figure 5.15. For reference, colors for C11 (blue), C11D (red) 

and G40D (green) are the same as presented starting from Figure 5.4.   

 

Given that media dilutions improved expansion regardless of surface, system or seeding 

density, we further explored the media component in G40D (Figure 5.20A). We exchanged 

the media once on either Day 7 (G40D-x7) or Day 9 (G40D-x9) and also tested a diluted 

condition without any IL-3 added on Day 5 (G40D-3i) since studies have shown that IL-3 

could preferentially expand CD34+CD41+ Mk progenitors.[110,111] Compared to C11, peak 

TNC production for G40D-x7 was comparable and for G40D-x9 it was ~1.4-fold higher 

(Figure 5.20B). Additionally, G40D-x9 peak Mk production was ~1.6-fold higher than C11 

(Figure 5.20C). G40D-3i had a slower expansion (Figure 5.21A-D) but peak Mk numbers 

were ultimately ~1.5-fold higher than C11 and ~25% lower than G40D (Figure 5.20C). 

Compared to G40D, viability was lower and %high-ploidy was higher due to lower numbers 

of 2N and 4N Mks for G40D-x7, G40D-x9 and G40D-3i (Figure 5.20D, Figure 5.21E, F). 

The total Mk DNA produced per input CD34+ cell for G40D-x7, G40D-x9, and G40D-3i 

was ~30% lower than G40D but ~1.4-fold higher than C11 (Figure 5.20F). Also, 

%CD34+CD41+ cell fractions remianed high in G40D-3i compared to C11 and C11D 

(Figure 5.20G).  Overall, the results of Figures 5.15 through 5.21 demonstrate that 

increasing G-Rex cell-surface density improved expansion while at the same time increasing 

%CD34+CD41+ cell fractions, whereas media/IL-3 retention significantly improved culture 

productivity.   
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Figure 5.20 Late media exchange and IL-3 removal reduce Mk expansion. (A) 

Experimental layout testing media exchanges for G-Rex cell-surface density of 40 x 103 
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cells/cm2: no dilutions (G40), dilution Days 5/7 (G40D), dilution Day 5 + media exchange 

Day 7 (G40D-x7), dilution Days 5/7 + media exchange Day 9 (G40D-x9), and dilution Days 

5/7 with no IL-3 added on Day 5 (G40D-3i). Control C11 and dilution control C11D were 

tested as well. (B) Peak total nucleated cell (TNC) production and (C) peak CD42b+ cells 

produced per input CD34+ cell. (D) %Viable cells by Day 11. (E) %High-ploidy 

megakaryocytes (Mks) by Day 11. (F) Total Mk DNA produced. (G) %CD34+CD41+ cells 

by Day 7. Grey lines connect individual donors. Mean +/- SD, n = 3. * = p < 0.05 compared 

to C11, *1d = p < 0.05 compared to C11D, *4 = p < 0.05 compared to G40, *4d = p < 0.05 

compared to G40D.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



193 

 

Figure 5.21 Removing G-Rex media or IL-3 late in culture diminishes culture 

productivity.  Testing media exchanges for G-Rex seeding density of 40 x 103 cells/cm2: no 
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dilutions (G40), dilution Days 5/7 (G40D), dilution Day 5 + media exchange Day 7 (G40D-

x7), dilution Days 5/7 + media exchange Day 9 (G40D-x9), and dilution Days 5/7 with no 

IL-3 added on Day 5 (G40D-3i). Control C11 and dilution control C11D were tested as well. 

(A) %Viability. (B) Total nucleated cell (TNC) production per input CD34+ cell. (C) 

%CD42b+ cells. (D) CD42b+ cells produced per input CD34+ cell. The number of CD41+ 

Mks produced per input CD34+ cell that are (E) 2N, (F) 4N, (G) 6N+8N, and (H) 16N. 

Points/Bars = mean +/- SEM, n = 3.  These cultures are the same as those shown in Figure 

5.20. 

 

 

 

For all the cultures in Figure 5.20, we assessed proPLT morphology on Day 13 (Figure 

5.22) and saw similar characteristic proPLT structures and branching. Our PLP estimates 

after shaking C11, G40D and G40D-x9 from Days 11 through 13 for 2 donors indiciated 

similar levels of PLPs generated (Figure 5.23). Additionally, flow cytometry analysis of 

these shaken cultures indiciated that larger differences in activation exit between donors than 

within the conditions (Figure 5.24) 
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Figure 5.22 proPLTs from various G-Rex 40 conditions. Confocal microscopy analysis 

of proPLTs on Day 13 for G-Rex seeding density of 40 x 103 cells/cm2: no dilutions (G40), 

dilution Days 5/7 (G40D), dilution Day 5 + media exchange Day 7 (G40D-x7), dilution Days 

5/7 + media exchange Day 9 (G40D-x9), and dilution Days 5/7 with no IL-3 added on Day 

G40D G40D-x9C11

G40 G40D-x7

G40D-3i

C11D
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5 (G40D-3i). Control C11 and dilution control C11D also shown. Images from the same 

donor. Scale bar = 15 µm. Red= actin, green = beta-tubulin, blue = DNA.  

 

Figure 5.23 G40D and G40D-x9 PLP generation estimates from orbital shaker on Day 

13. (A) CD42b+ PLPs produced per seeded Mk on Day 11 and sampled on Day 13. (B) 

CD42b+ PLPs per input CD34+ cell sampled on Day 13.  G-Rex seeding density of 40 x 103 

cells/cm2 dilution Days 5/7 (G40D), and dilution Days 5/7 + media exchange Day 9 (G40D-

x9). Control = C11. Bars = mean +/- standard deviation. n = 2. No significant difference of 

PLP yields observed. 

 

 

 

 

 

 

 

A B
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Figure 5.24 G40D and G40D-x9 PLP activation analysis. (A) CD62P expression of 

CD42b+PLPs in the absence (red) and presence (blue) of thrombin. (B) PAC-1 binding of 

CD42b+PLPs in the absence (red) and presence (blue) of thrombin. Results shown for two 

Donor 1

Donor 2

G40D G40D-x9C11

CD62P-BV421 CD62P-BV421 CD62P-BV421

PAC-1 – Alexa647

A

B

PAC-1 – Alexa647 PAC-1 – Alexa647

Donor 1

Donor 2

G40D G40D-x9C11
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different donors. G-Rex seeding density of 40 x 103 cells/cm2 dilution Days 5/7 (G40D), and 

dilution Days 5/7 + media exchange Day 9 (G40D-x9). Control = C11. 

 

5.4 Discussion 

Various studies have demonstrated benefits of the G-Rex system for expanding different cell 

types due to their scalability, improved oxygen transfer, and higher culture 

viability.[106,112] Additionally, the use of fed-batch media dilutions have proven positive 

for the expansion of CD34+ cells from CB compared to full media exchanges.[108] In this 

study, we used the G-Rex system coupled with a fed-batch dilution strategy to generate Mks 

from mPB CD34+ HSPCs and identified an efficient starting cell-surface density of 40 x 103 

cells/cm2 (G40D). This cell density is much lower than the density range of 125-500 x 103 

cells/cm2 used in G-Rex cultures of K562 cells, T-cells, and other cell types.[104,109] G40D 

cultures generated 39 ± 19 CD41+CD42b+ Mks per input CD34+ cell, which was higher than 

our current process with (C11D) or without (C11) a fed-batch strategy at 28 ± 9 and 18 ± 8, 

respectively. G40D cultures were also higher than recently reported mPB-Mk yield of 

27.[113] C11D and G40D had increased culture viability, improved the number of Mks 

produced per mL of media used, and had lower %high-ploidy cultures with similar 

production of ≥ 16N Mks compared to C11. However, G40D cultures had higher fractions 

of CD34+CD41+ cells (Mk progenitors) by mid culture and yielded significantly greater 

numbers of 2N, 4N, and 6N+8N Mks, while increasing the total Mk DNA pool. We observed 

substantial donor-to-donor variability but G40D trends held true for both high and low-

performing donors.  
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The soft silicone rubber membrane surface in the G-Rex is very different from the 

polystyrene culture surface used in C11/C11D. Recent studies have shown that soft surfaces 

could have a positive effect on HSPC expansion.[114,115] With the same seeding cell-

surface density of C11 and restricting gas-transfer across the membrane (G11R), the G-Rex 

soft-surface did not improve TNC or Mk expansion. Surprisingly, a G-Rex device with 

restricted oxygen transfer had higher expansion than a standard G-Rex device (G11R vs. 

G11). Due to the permeable membrane, oxygen tension would be higher near the cells in G-

Rex devices than in standard wells or restricted G-Rex devices. The differences in oxygen 

tension could explain these results since our previous studies have shown that higher oxygen 

tension early in culture decreases total Mk expansion.[35] Increasing the G-Rex cell-surface 

density up to 80 x 103 cells/cm2 improved expansion, consistent with past G-Rex studies 

showing the importance of increased cell-cell contact for growth.[109]   

 

G-Rex systems have been used to expand HSPCs from various sources using a surface 

density of 500 x 103 cells/cm2 that resulted in a 13.6-fold expansion of CD34+ cells after 12 

days.[102] In the present study after 7 days, G40D conditions yielded a 19-fold expansion 

of CD34+ cells and contained higher fractions of CD34+CD41+ cells compared to controls. 

Neither the soft surface nor improved gas transfer in the G-Rex increased Mk progenitors at 

low cell density. Higher G-Rex cell-surface densities led to more extensive and longer CD34 

retention and increased numbers of Mk progenitors regardless of dilutions. In a previous 

study, culturing CD34+ cells at high volumetric densities increased Mk progenitor 

populations.[116] The authors seeded cells at 400,00 cells/mL (in 20% oxygen) and 
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performed daily dilutions. In the present study, because a low oxygen period is employed 

during the first 5 days of culture without disruption, cells were not seeded at higher 

volumetric densities in standard tissue culture wells due to concern of overgrowth and 

nutrient depletion along with rapid accumulation of secreted soluble factors. The use of G-

Rex systems allowed us to increase seeding cell numbers while maintaining the starting 

volumetric density at 40,000 cells/mL. Importantly, volumetric and cell-surface densities 

post Day 5 were kept similar across the conditions. Therefore, the increase in CD34+CD41+ 

cells is largely driven by increased cell-surface densities and cell-cell contact during the low 

oxygen phase in the first 5 days of culture.  

 

Media dilutions improved productivities across all conditions. G-Rex cell-surface densities 

above 25 x 103 cells/cm2 produced over 2-fold more Mks than controls. Exchanging the 

media on Days 5, 7 or 9 diminished the expansion potential of G40D cultures, while reducing 

culture viability. It’s been reported that IL-3 has a positive effect on expansion of Mk 

progenitors [110,111] and our results demonstrate that retention of the conditioned 

media/IL-3 maintains the expansion of CD41+CD42b+ Mks. Though C11/C11D produced 

Mk progenitors, the numbers were ~2-fold lower by mid-culture compared to G-Rex at high 

densities. Thus, by increasing the cell-surface density in G-Rex to produce more Mk 

progenitors and by retaining the conditioned media/IL-3, greater Mk numbers were produced 

(Figure 5.25).  
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Figure 5.25 Proposed model of how G-Rex and media dilutions enhance Mk production 

from mPB CD34+ cells. High cell-surface seeding density early in G-Rex improves 

expansion and increases the fraction of cells that are Mk progenitors by mid culture. The 

larger numbers of Mk progenitors benefit from retention of conditioned media and IL-3 to 
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further expand and increase final numbers of CD41+CD42b+ megakaryocytes (Mk) 

produced. Retention of the media for low G-Rex cell-surface densities or non-G-Rex devices 

also had a benefit on Mk expansion. 

 

Ommitting IL-3 from Day 5 dilutions (G40D-3i vs. G40D, Figure 5.20) reduced Mk 

production, but it was still 50% higher than C11. These observations provide evidence that 

the conditioned media itself retains potential for Mk production, absent fresh IL-3. It has 

been reported that various endogenous soluble factors are secreted by HSPCs with both a 

negative and positive impact on  HSPC expansion.[108,117] Positive syngergistic effects 

between cytokines have shown to be beneficial for Mk production, specifically between 

TPO, SCF and IL-3.[42,111] Insulin-like growth factor-1 (IGF-1) and insulin-like growth 

factor binding protein-3 (IGFBP-3) secreted from Mks has been reported to support HSPC 

expansion.[118] Also, studies have shown that exogenous cytokines can stimulate Mks to 

secret IL-3 and IL-6.[119] All these findings indicate various ways in which dilutions vs. 

media exchange are beneficial through diluting negative factors, while retaining positive 

factors that benefit Mk production.   

 

G-Rex Mks displayed proPLTs and the PLPs collected displayed in vitro activation potential 

and aggregation potential in flow chambers, similar to that reported for other culture-derived 

PLPs.[48,49] Estimates for several donors revealed similar levels of CD41+CD42b+ PLPs 

per input CD34+ cell on Day 13. This indicates that, although the Mk pool was expanded in 

G40D, we may not have changed the PLP-producing Mk population. However, we have not 
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yet optimized PLP collection in these cultures. Microfluidic systems appear to be effective 

at promoting PLP release by mimicking in vivo environments. [48,50,76] G-Rex Mks 

introduced into our uniform-shear rate microbioreactor displayed similar proPLT and PLP 

behavior as previously described for Mks cultured in STCS [76] and we are working to scale-

up the bioreactor. Recent work has also identified turbulence as a key variable for PLP 

generation.[51] Yet, further advancements in engineering systems that can efficiently 

generate PLPs ex vivo are crucial.[77]  

 

Platelet transfusions typically contain 3 x 1011 platelets per unit.[120] In contrast, Mk 

expansion and PLP yields ex vivo remain low with required starting cell numbers 

approaching 108-109 input CD34+ cells per unit with current methods.[10,34,121] The 

median number of CD34+ cells recovered from healthy donors after G-CSF treatment was 

reported to be ~500 million cells [122] and with our Mk yields we could generate ~2 x 1010 

Mks per donor. With a conservative yield of 15 PLPs/Mk, one donor could give rise to one 

platelet unit for transfusion. However, since millions of platelet units are transfused each 

year, to create a clinically relevant process, one donor should give rise to multiple transfusion 

units. Increasing our Mk yields by an order of magnitude would be a substantial 

improvement and lead to 10 platelet units but would still require 104-105 donors a year.  

 

An alternative strategy is to infuse culture-derived Mks into the body for in vivo PLP 

production as has been done in mice.[26,123-125] Though the estimated yield of PLPs per 

infused ex-vivo-derived human Mk was low (10-100) [125], G-Rex systems could be used 
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to produce larger numbers of Mks for infusion. Additionally, transfusions of Mk progenitors 

have been safely reported in humans with transfusion cell numbers in the range of 105-106 

Mk progenitors per kg of body weight.[126-129]  Mk progenitors have been reported to be 

responsible for platelet recovery after transplantation [39,130]. In this study, we estimate a 

yield of 8 ± 4 Mk progenitors produced per input CD34+ cell and thus could generate 4 x 109 

Mk progenitors by Day 7 per donor. With a body weight of 70 kg, a single donor could 

provide 50-500 transfusions. Further mouse studies on the in vivo PLP potential of G-Rex-

derived Mks as well as the clonogenic potential from G-Rex-derived Mk progenitors are 

required. Additional safety studies should address the concern of larger cell-size of Mks that 

could obstruct small vessels along with the concern of tumorigenesis.[11] Studies have 

shown, however, that irradiated iPSC-derived Mks retained potential to produce PLPs in 

vivo after being infused into mice.[131]   

 

Additional advances are clearly required to produce clinically relevant Mk numbers from 

the process described in this study. Future G-Rex studies would include re-examining higher 

seeding cell-surface densities with the fed-batch dilution method from this study, adjusting 

cytokine concentrations and evaluating CB HSPCs. A lower oxygen setting for the first 5 

days should be explored when using G-Rex. Also, the cell-cell contact mechanism for 

prolonged CD34 expression could be explored. Nonetheless, our results highlight distinct 

methods of increasing Mk numbers through a fed-batch dilution scheme and utilizing 

technologies that permit higher input cell numbers.    
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CHAPTER 6: Evaluating culture methods of increasing PLP production via 

pharmacological inhibition of Rho GTPases 

 

6.1 Introduction  

In elucidating the mechanism of proplatelet (proPLT) formation to enhance platelet 

production, several studies have investigated elements impacting cytoskeletal 

rearrangements of megakaryocytes (Mks) during maturation, proPLT formation and platelet 

release. Specifically, several signaling pathways, particularly those affecting actin and 

microtubule organization, have been implicated including Rho-family GTPases: RhoA, 

Cdc42, and Rac1.[75] Rho GTPases are small molecular switches that are in an active state 

when bound to GTP.[132] Guanine exchange factors (GEFs) catalyze the exchange of GDP 

to GTP. When GTPases are bound to GTP, they are active and can interact with their 

downstream effectors. Then, GTPase-activating proteins (GAPs) can accelerate the 

hydrolysis of the bound GTP to GDP, halting the GTPase activity. 

 

While studies on RhoA, Cdc42 and Rac1 have primarily focused on mouse Mks and 

knockout models, limited work has been done to understand inhibition of these GTPases in 

human Mks. The studies in this chapter focused on using reversible pharmacological 

inhibitors for RhoA (Rhosin), Cdc42 (ML141) and Rac1 (NSC23766) to improve Mk ploidy 

and/or proPLT formation that could lead to higher PLP yields. Rhosin specifically targets 

the GEF binding domain on RhoA and thus GDP cannot be exchanged for GTP.[133] 

NSC23766  selectively inhibits binding between Rac1 and its GEFs and does not interfere 

with Cdc42 and its GEFs.[70] Finally, ML141 is a potent and selective inhibitor that prevents 
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GTP binding to Cdc42.[134] ML141 and NSC23766 have been studied in mouse 

Mks,[29,135] but along with Rhosin, they have not been studied in human Mks. CD61+ 

mPB-Mks selected from our culture on Day 7 usually start making proPLTs on Day 10 and 

ploidy levels peak between Days 10 and 11. Therefore, we seeded CD61+ Mks on Day 9 

with the selected inhibitors and monitored changes to Mk culture up to Day 13. The literature 

suggests that inhibition of Rac1 or Cdc42 could lead to higher ploidy Mks, but with potential 

diminished proPLTs.[74] Reduced RhoA activity could lead to increase proPLT formation 

and higher ploidy in Mks.[58,61,62] Our experiments demonstrated minimal impact to 

proPLT formation by inhibiting Cdc42 or RhoA but diminished proPLT formation after 

Rac1 inhibition. No significant changes to ploidy were measured. Finally, PLP estimates 

from selected inhibitor conditions did not lead to improved PLP yields. 

 

6.2 Material and methods 

Unless otherwise specified, all reagents were obtained from Sigma-Aldrich (St. Louis, MO), 

cytokines from Peprotech (Rocky Hill, NJ), and antibodies for flow cytometry analysis from 

BD Biosciences. LSR II (BD Biosciences, San Jose, CA) flow cytometer was used to collect 

data and analysis was done using FlowJo v.10 (FlowJo LLC, Ashland, OR).  

 

6.2.1 Cell culture 

Previously frozen mobilized peripheral blood (mPB) CD34+ cells from the Fred Hutchinson 

Cancer Research Center (Seattle, WA) with Northwestern University Institutional Review 

Board approval were grown in 78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum 
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Substitute (STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-

density lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep, 100 

ng/mL TPO, 100 ng/mL SCF, 10 ng/mL IL-6, 10 ng/mL IL-11 and 2.5 ng/mL IL-3 (R&D 

Systems, Inc., Minneapolis, MN). Cells were maintained between 100,000 to 400,000 

cells/mL at 37°C, 5% CO2 and 5% O2 for 5 days. On day 5, the cytokines were replaced with 

100 ng/mL TPO, 100 ng/mL SCF, 10 ng/mL IL-9, 10 ng/mL IL-11 and 10 ng/mL IL-3. Cells 

were maintained at a density of 250,000 to 500,000 cells/mL and kept at 37°C, 5% CO2, and 

20% O2 until day 7. On day 7, cells were selected using anti-CD61-conjugated magnetic 

microbeads (Miltenyi Biotech Inc, San Diego, CA) and then cultured in medium with 100 

ng/mL TPO, 100 ng/mL SCF and 6.25 mM nicotinamide thereafter. The cells were 

maintained at a density between 250,000 to 500,000 cells/mL and kept at 37°C, 5% CO2 and 

20% O2. Conditions were treated on Day 9 with the following inhibitors: Rhosin (555460, 

Millipore Sigma, Burlington, MA) for RhoA, ML141 (SML0407, Sigma) for Cdc42, 

NSC23766 (SML0952, Sigma) for Rac1 and CK-636 (C7374, Sigma) for Arp2/3. For 

reversibility of inhibition studies, after 24 or 48 hrs of exposure to the inhibitor, media was 

replaced with fresh media without inhibitor. Rhosin conditions are labeled as iRhoA, ML141 

conditions labeled as iCdc42 and NSC23766 conditions as iRac1. For dual inhibition studies 

of Rac1 and Cdc42, labeling is iRac1+iCdc42 and NSC23766 was used at 50 µM and ML141 

at 10 µM. 
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6.2.2 Flow cytometric analysis of Mk viability 

Selected Mks were washed twice at 4° C with cold PBS containing 2 mM EDTA and 0.5% 

BSA (PEB). Antibodies anti-CD41-FITC (555466) and anti-CD42b-APC (551061) were 

added to the samples and incubated for 30 min at 4° C. Cells were washed twice with PEB 

and incubated with DAPI (Invitrogen, Carslbad CA) for 15 min at room temperature before 

analysis. 

 

6.2.3 Flow cytometric analysis of MK apoptosis 

Selected Mks were washed with PBS, then with 1X Annexin V binding buffer, incubated 

with PE-conjugated Annexin V (BD559763) and DAPI for 15 min at room temperature prior 

to analysis. 

 

6.2.4 Mk ploidy analysis 

Cells were washed twice at 4° C with cold PEB and then incubated with anti-CD41 antibody 

for 30 min at 4° C. Cells were washed twice with PEB and then fixed with 0.5 % 

paraformaldehyde in PBS and incubated for 15 min at room temperature.  Cells were then 

permeabilized with 70% methanol for 1 h at 4° C, treated with RNAse for 30 min at 37° C 

and finally incubated with 50 µg/mL of propidium iodide to stain DNA 15 min before 

analysis. 

 



210 

6.2.5 Quantification of proPLT forming Mks 

Selected Mks were seeded on Day 9 at a density of 70,000 cells/mL. From Day 10-13, the 

percentage Mks making proPLTs was determined by dividing the number of cells observed 

making proPLTs by the total number of cell bodies in each image. Approximately 100 cells 

were analyzed at each time point for each condition.  

 

6.2.6 Bioreactor fabrication 

A 2D design of the bioreactor (USRB-7µm) was created in AutoCAD 2014 (San Rafael, 

CA) and then printed onto a chrome mask (Front Range Photomask, Palmer Lake, CO). A 

silicon wafer (WRS Materials, San Jose, CA) was spin-coated with SU8-2035 photoresist 

(MicroChem Corp, Westborough, MA) at 4000 RPM for 30 s to achieve a photoresist height 

of 40 µm. The wafer was soft-baked at 65°C for 3 min and then hard-baked at 95°C for 6 

min. Afterwards, the wafer was exposed to UV light for 17 s using a Karl Suss MA6 Mask 

Aligner (SUSS MicroTec, Garching, Germany). The exposed resist was then baked at 95°C 

for 6 min. Finally, the resist was developed using SU8 developer solution (MicroChem) for 

2 min and dried with a nitrogen gun. The dry wafer was silanized overnight (5 µL of 

1H,1H,2H,2H-perfluorooctyltrichlorosilane; Alfa Aesar, Ward Hill, MA) in a vacuum 

chamber. Next, a 1:10 curing agent to polydimethyl siloxane (PDMS) solution (Slygard 184 

Kit; Electron Microscopy Sciences, Hatfield, PA) was poured over the wafer to cast a mold 

that was placed in an oven at 65°C overnight. The PDMS mold was then cut, holes for inlets 

and outlets created with a 2-mm punch, and the PDMS plasma-bonded (Model BD-20; 
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Electro-Technic Products, INC, Chicago, IL) to an ethanol-cleaned premium plain glass 

slide (25 x 75 x 1 mm; VWR, Radnor, PA). 

 

6.2.7 Bioreactor perfusion with Mks 

The USRB-7µm was positioned on a Lumascope microscope v500 (Etaluma Inc., Carlsbad, 

CA) placed inside an incubator (Thermo Scientific, Waltham, MA) maintained at 37°C and 

5% CO2. Separate syringe pumps (NE-300, New Era Pump Systems Inc., Farmingdale, NY) 

were used for each flow channel. A 5-mL glass syringe (81520, Hamilton Company, Reno, 

NV) was used for the outer channels and a 2.5-mL glass syringe (81420, Hamilton) was used 

for the center channel. Media (78% IMDM (Gibco, Carlsbad, CA), 20% BIT 9500 Serum 

Substitute (STEMCELL, Vancouver, BC, Canada), 1% Glutamax (Gibco), 1 µg/mL low-

density lipoproteins (Calbiochem, Whitehouse Station, NJ), 100 U/mL Pen/Strep) without 

cytokines was perfused throughout the bioreactor for 30 min at 6.5 μL/min prior to Mk 

introduction. On day 11 or 12 Mks at density of 50,000/mL were stained for 15 min with 1 

µM Calcein AM at 37°C. After the 30-min media perfusion, 25,000 Mks were microinjected 

into the tubing upstream from the reactor. No Mks were present within the syringes. A video 

was recorded of each bioreactor for 1-2 hr.  

 

6.2.8 Bioreactor effluent preparation 

Effluent collected was spun once at 2200 g for 20 min to pellet Mks and PLPs. The pellet 

was then resuspended in HEPES/Tyrode’s (HT) buffer (10 mM HEPES, 137 mM NaCl, 2.8 

mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.4 mM Na2HPO4, 0.35% BSA, 5.5 mM 
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glucose, pH 7.4) and allowed to rest for 20 min at room temperature. 2 mM CaCl2 was added 

to the suspension 5 min before use in assays.    

 

6.2.9 Platelet-like-particle (PLP) preparation and collection from orbital shaker 

Cells in a culture dish at a cell density between 300,000 to 500,000 cells/mL were placed on 

an orbital shaker (SK-O180-E, SCILOGEX, Rocky Hill, CT) set to 50 rpm on Day 9 once 

inhibitors were added. On Day 12, the shaken cells and PLPs were harvested from the dish 

and spun down at 150 g for 5 min to pellet large cells. The supernatant was transferred to a 

fresh tube, prostaglandin E1 (PGE1, Cayman Chemical, Ann Arbor, MI) was added at 140 

nM final concentration, and the solution was spun down at 2200 g for 20 min at room 

temperature to pellet PLPs. After the supernatant was discarded, the pellet was resuspended 

in HEPES/Tyrode’s (HT) buffer (10 mM HEPES, 137 mM NaCl, 2.8 mM KCl, 1 mM 

MgCl2, 12 mM NaHCO3, 0.4 mM Na2HPO4, 0.35% BSA, 5.5 mM glucose, pH 7.4) and 

allowed to rest for 20 min at room temperature. CaCl2 at a final concentration of 2 mM was 

added to the suspension 5 min before use in assays. 

 

6.2.10 Flow Cytometry Preparation of PLPs from orbital shaker and bioreactor 

Effluent from the bioreactor was analyzed for surface markers using the following antibodies 

against CD41-APC (559777) and CD42b-PE (555473). Samples were incubated for 15 min 

at room temperature (RT). Prior to perfusion through the bioreactor, Mks were stained with 

live stain Calcein AM so viable PLPs in the effluent also carried this live stain. Calcein+ PLP 

events were identified for bioreactor experiments. For PLPS collected on the orbital shaker, 
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CD41-FITC and CD42b-APC antibodies were used and the ratio of CD41+CD42b+ PLPs to 

viable Mks was used to estimate PLP-yields. 

 

6.2.11 proPLT and PLP immunofluorescence microscopy 

Cells were seeded on 8-well chamber glass slides (125658, Lab NunTek II, Thermo 

Scientific, Waltham, MA) on Day 9 at a density of 70,000 cells/mL. On Day 12, cells were 

fixed with 3.7% paraformaldehyde and then permeabilized with 0.3% Triton X-100 before 

sequentially staining with 5 µg/mL mouse anti-beta-tubulin primary antibody (5656321, BD 

Biosciences) and 1 µg/mL of Alexa Fluor 488-conjugated goat anti-mouse secondary 

antibody (A11001, Thermo Scientific). Cells were then incubated with TRITC-phalloidin, 

washed, and then stained with DAPI to identify nuclei. For PLPs, 8-well chamber slides 

were coated with fibrinogen (Innovative Research, Novi, MI) at 60 µg/mL in PBS or 1% 

BSA in PBS. Collected PLPs from bioreactor effluent suspension were added wells and 

allowed to rest at room temperature for 15 min and then 3 U/mL of thrombin was added to 

one of the wells coated with fibrinogen and incubated for 20 min at room temperature. The 

wells were washed with warm PBS and were prepped on the same day of the experiment 

and fixed as described above. PLP and proPLT slides were imaged using a 63x oil objective 

on a Leica DMI6000 Spinning Disc Confocal Microscope (Leica, Wetzlar, Germany).   

 

6.2.12 Statistical Analysis 

Paired t-tests were conducted for all pairs of conditions, and the significance level was set at 

p < 0.05.  Bar graphs and plots are shown with standard errors of mean (SEM). 
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6.3. Results 

6.3.1 Screening inhibitor concentrations and assessing viability and apoptosis 

First, a screening experiment testing various inhibitor concentrations was carried out to 

initially understand the impact of individual GTPase inhibition on Mk viability by Day 11 

(Figure 6.1A). RhoA inhibition with Rhosin (iRhoA) at high concentrations (> 1 M) 

reduced cell viability versus the control. The viability of Rac1 inhibited Mks by NSC23766 

(iRac1) was comparable to the control, though at 50 M it was slightly lower. Cdc42 

inhibition with ML141 (iCdc42) retained similar viability as the control up to 10 M. ML141 

has been used in previous mouse Mks studies at 20 M.[135]  NSC23766 has been studied 

between 25-50 M on mouse Mks.[29] No studies on Mks have used Rhosin but it has been 

used on fresh human platelets at a range of 1-30 M.[136] Based on the literature and from 

this screening study, the following conditions were chosen for subsequent analysis: iRhoA-

1M, iCdc42-10M and iRac1-50M. The viability profiles between Days 10-13 were 

overall comparable to controls (Figure 6.1B). Similar apoptosis profiles were also measured 

for the conditions with an increased apoptotic Mk fraction on Day 13 for iRhoA-1M and 

iRac1-50M (Figure 6.1C).  

 

Cdc42 inhibition yielded interesting viability results. Mks in this condition shifted higher in 

DAPI fluorescence compared to the control (Figure 6.2A), possibly indicating DAPI uptake, 

yet Mks also double stained for live-stain of Calcein (Figure 6.2B). DAPI is usually 

excluded from live cells but compromised membranes can allow DAPI to enter the cell. 
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However, dead cells with compromised cell membranes do not retain Calcein. Therefore, 

Cdc42 inhibition appears to impact the cell membrane in a manner which allows DAPI 

uptake yet prevents Calcein loss. Additionally, visual assessment showed Calcein+ Mks in 

both control and iCdc42 conditions (Figure 6.2C).  

 

Since inhibition of RhoA, Cdc42 or Rac1 at the selected concentrations was not detrimental 

to the culture viability across the days tested, we proceeded to analyze the cultures for Mk 

properties such as proPLT formation and ploidy. 
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Figure 6.1 Screening GTPase inhibitor concentrations seeded on Day 9. (A) Viability of 

Mks on Day 11 across different inhibitor concentrations for a single donor. Time course 

B

C

A
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profiles of (B) viability and (C) apoptosis. For (B) Day 10: Control n =5, iCdc42 n = 3, iRac1 

n = 4, iRhoA n = 3; Day 11: Control n =7, iCdc42 n = 5, iRac1 n = 6, iRhoA n = 6, Day 12: 

Control n =5, iCdc42 n = 3, iRac1 n = 4, iRhoA n = 4; Day 13: Control n =2, iCdc42 n = 1, 

iRac1 n = 2, iRhoA n = 1. For (C) Day 10: Control n =3, iCdc42 n = 2, iRac1 n = 3, iRhoA 

n = 2; Day 11: Control n =5, iCdc42 n = 4, iRac1 n = 5, iRhoA n = 4; Day 12: Control n =4, 

iCdc42 n = 3, iRac1 n = 3, iRhoA n = 3; Day 13: Control n =2, iCdc42 n = 1, iRac1 n = 2, 

iRhoA n = 1. Points = +/- SEM.  
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Figure 6.2 Inhibition of Cdc42 with ML141 impacts DAPI uptake. (A) DAPI versus 

forward scatter and (B) DAPI versus Calcein plots for control and iCdc42-10M showing a 

shift up in DAPI fluorescence for iCdc42-10M. (C) Image of Calcein AM stained Mks for 

both control (left) and iCdc42-10M (right). Scale bar = 15 m.    
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6.3.2 proPLT formation is dependent on Rac1 but not Cdc42 or RhoA 

Time profile of the percentage of Mks displaying proPLTs showed that iRac1-50M was 

the lowest among all the conditions (Figure 6.3A). No appreciable difference in proPLT 

formation was observed for iCdc42-10M or iRhoA-1M. For all the conditions there was 

an increase in proPLTs into Days 12 and 13. Images of conditions on Day 12 are shown in 

Figure 6.3B with control, iCdc42-10M and iRhoA-1M displaying proPLTs, but little to 

no proPLT formation in iRac1-50M. Confocal analysis of Mks from the conditions 

indicated characteristic proPLT formation in control, iCdc42-10M and iRhoA-1M 

(Figure 6.3C).  
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Figure 6.3 Analysis of proplatelet formation of inhibitor conditions. (A) Time course 

profile of percentage of Mks forming proPLTs. (B) Brightfield images of conditions on Day 

iCdc42-10 μM

iRhoA-1 μMiRac1-50 μM

ControlB

A

Control iRhoA-1 μMiCdc42-10 μM iRac-50 μMC

*R *R *R *R

*RvD
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12 with blue arrows pointing to proPLTs. (C) Confocal images of Mks from each condition, 

red = actin, green = beta-tubulin, blue = DNA. Scale bars = 15 m.  For Controls versus 

iRac1-50M: *R, p < 0.05. For iRac1-50M versus iCdc42-10M: *RvD, p < 0.05. Day 10: 

Control n =4, iCdc42 n = 1, iRac1 n = 2, iRhoA n = 3; Day 11: Control n =8, iCdc42 n = 3, 

iRac1 n = 5, iRhoA n = 5; Day 12: Control n =5, iCdc42 n = 2, iRac1 n = 3, iRhoA n = 4; 

Day 13: Control n =2, iCdc42 n = 1, iRac1 n = 2, iRhoA n = 1. Points = +/- SEM. 
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6.3.3 Evaluating reversibility of Rac1 inhibition on proPLT formation  

 

Next, we were interested in reversing the negative inhibition of proPLT formation from the 

iRac1-50μM condition. Mks were seeded on Day 9 of culture and after 24 hrs (iRac1-50μM-

W10) or 48 hrs (iRac1-50μM-W11), the media was replaced with fresh media without the 

Rac1 inhibitor, NSC23766. By Day 11, Mks previously exposed to NSC23766 were making 

proPLTs and by Day 12, iRac1-50μM-W10 and control had similar percentages of Mks 

making proPLTs (Figure 6.4). iRac1-50μM-W11 started to show increased proPLT 

formation as well by Day 13 though it remained lower than control and iRac1-50μM-W10. 

Based on this single experiment, the inhibition on proPLT formation could be reversed with 

media replacement after short exposure time.  

 

Figure 6.4 Analysis of proplatelet formation of washed Rac1 inhibitor conditions. (A) 

Time course profile of percentage of Mks forming proPLTs. (B) Brightfield images of 

conditions on Day 12 with blue arrows pointing to proPLTs. Scale bars = 30 m.   
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ControlB
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6.3.4 Inhibition of Rac1, Cdc42 or RhoA does not significantly impact ploidy levels in 

Mks 

After seeding the conditions on Day 9, ploidy was measured from Days 10-13. The %high-

ploidy (>4N) Mk fraction was not significantly different for all conditions (Figure 6.5A). 

iRac1-50M displayed overall constant %high-ploidy across the days whereas iCdc42-

10M and iRhoA-1M peaked on Day 11 and then dropped into Days 12 and 13 (Figure 

6.5A). The control condition also displayed a drop in %high-ploidy into Day 13. The mean 

ploidy of Mks in iRhoA-1M and iCdc42-10M was significantly higher than the control 

on Day 11 and 12, respectively (Figure 6.5B). The distribution of ploidy levels on Day 11 

remained largely unchanged across the conditions (Figure 6.5C).   
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Figure 6.5 Ploidy analysis of inhibitor conditions. Time course profile of (A) %high-

ploidy (> 4N) Mks and (B) mean ploidy. (C) Distribution of ploidy levels for Day 11 for all 

A

C

B
*A *D



225 

the conditions. For Controls versus iRhoA-1M: *A, p < 0.05. For Controls versus iCdc42-

10M: *D, p < 0.05. Day 10: Control n = 4, iCdc42 n = 3, iRac1 n = 3, iRhoA n = 4; Day 

11: Control n = 5, iCdc42 n = 4, iRac1 n = 4, iRhoA n = 5; Day 12: Control n = 6, iCdc42 n 

= 5, iRac1 n = 5, iRhoA n = 6; Day 13: Control n =1, iCdc42 n = 1, iRac1 n = 1, iRhoA n = 

1. Points and bars = +/- SEM. 

 

6.3.5 Combined inhibition of Rac1 and Cdc42 increases ploidy of Mks but with 

reduced proPLT formation 

From previous results, inhibition of Rac1 significantly reduced proPLT formation and 

inhibition of Cdc42 improved the mean ploidy. Downstream of Rac1 and Cdc42 is Pak2 and 

inhibition of Pak2 led to higher ploidy mouse Mks but diminished proPLT formation.[74] 

We hypothesized that a dual inhibition (iRac1+iCdc42) approach may improve the ploidy 

of our human Mk cultures. Control cultures and iRac1+iCdc42 conditions had similar 

viability profiles (Figure 6.6A). For the same donor, iRac1+iCdc42 proPLT formation 

remained lower than control and iCdc42-10M but was similar to iRac1-50M up until Day 

12 (Figure 6.6B) when characteristic proPLTs were observed (Figure 6.6C, D). Comparing 

individual inhibition of Rac1 and Cdc42 to iRac1+iCdc42 for the same donor, the %high-

ploidy Mks was the highest on Day 11 for iRac1+iCdc42 indicating an additive effect 

(Figure 6.6E). For three donors, the %high-ploidy was significantly higher on Day 11 for 

iRac1+iCdc42 versus the controls and remained higher over time (Figure 6.6F).  The mean 

ploidy was also highest at Day 11 (Figure 6.6G). Confocal images revealed large non-round 

polyploid Mks (Figure 6.6H). The ploidy distribution on Day 11 indicated that 
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iRac1+iCdc42 cultures had significantly lower percentages of 2N Mks and an increase in 

16N Mks (Figure 6.6I). These experiments showed that dual inhibition was more efficient 

at increasing the ploidy of the cultures versus single inhibition conditions.  

 

Effectors downstream from Rac1 and Cdc42 interact with the Arp2/3 complex and inhibition 

of Arp2/3 in mouse Mks has been shown to increase proPLT formation.[137] We were 

interested in understanding the impact of inhibition of Arp2/3 on human mPB Mks as well. 

Overall, viability of iArp2/3-0.5M was similar to control (Figure 6.7A). There was an 

increase in the fraction of proPLT forming-Mks compared to controls (Figure 6.7B) and 

Mks displayed normal proPLT formation (Figure 6.7C, D). %High-ploidy Mks and mean 

ploidy on Day 11 was slightly higher for iArp2/3-0.5M than controls (Figure 6.7E, F).  
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Figure 6.6 Dual inhibition of Rac1 and Cdc42 increased Mk ploidy. Time course profile 

of (A) viability and (B) percentage of Mks forming proPLTs. (C) Brightfield images of 
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iRac1+iCdc42 on Day 12. (D) Confocal images of proPLTs in iRac1+iCdc42. (E, F) Time 

course profile of %high-ploidy (> 4N) Mks. (G) Mean ploidy of Mks. (H) Confocal images 

of large Mk in iRac1+iCdc42. (I) Distribution of ploidy levels for Day 11. For confocal 

images, red = actin, green = beta-tubulin, blue = DNA. For Controls versus iRac1+iCdc42: 

*RD, p < 0.05. For (A, F, G, I) n = 3, (B, E) n =1, (E) n =1. Scale bars = 10 m. Points and 

bars = +/- SEM. 
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Figure 6.7 Analysis of inhibition of Arp2/3 on Mks. Time course profile of (A) viability 

and (B) percentage of Mks forming proPLTs. (C) Brightfield images of iArp2/3-0.5M on 

Day 12. (D) Confocal images of proPLTs in iArp2/3-0.5M, red = actin, green = beta-

tubulin, blue = DNA. Time course profile of (E) %high-ploidy (> 4N) Mks and (F) mean 

ploidy of Mks. n = 2 for all points except n = 1 for Day 13. Scale bars = 10 m. Points = +/- 

SEM. 
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6.3.6 Evaluating platelet-like-particle generation from inhibited conditions 

Lastly, we were interested in evaluating the PLP generation from selected conditions: 

iRac1+iCdc42, iRhoA-1M, iArp2/3-0.5M and controls. As noted above, the dual 

iRac1+iCdc42 condition appeared to increase the %high-ploidy Mks and iArp2/3-0.5M 

trended towards higher proPLT formation. iRhoA-1M on average increased the mean 

ploidy of Mks. First, we subjected Mks to shear forces using our published uniform shear 

rate bioreactor, USRB-7m.[76] Mks are trapped at 7-m slits mimicking the endothelial 

cell gaps or fenestrations and extend proPLTs past the slits. Within the device, we observed 

Mks making proPLTs and releasing individual PLPs across all the conditions (Figure 6.8) 

as has been described in our published study.[76]  

 

Next, we analyzed the bioreactor effluents for Calcein+CD41+CD42b+ PLPs (Figure 6.9). 

The control and iArp2/3-0.5M had similar percentages of viable Calcein+CD41+CD42b+ 

PLPs at ~70% and iRhoA-1M the highest at ~83%. Interestingly, the dual inhibition 

condition, iRac1+iCdc42, had the lowest percentage of viable particles at ~48%. Confocal 

analysis of the collected PLPs from all conditions showed a characteristic tubulin ring in the 

absence of thrombin and that upon activation with thrombin, particles spread over fibrinogen 

(Figure 6.10), similar to the behavior of blood platelets.[42] 
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Figure 6.8 Analysis of proPLT and PLP generation from inhibitor conditions in 

bioreactor. Calcein stained Mks on Day 12 for control, iArp2/3-0.5M, iRhoA-1M and 

iRac1+iCdc42. (iRac at 50 M and iCdc42 at 10 M). Blue arrows = proPLTs and yellow 

arrows = PLPs. Center channel flow rate = 1.5 L/min and combined outside flow = 0 

L/min. 
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Figure 6.9 Analysis of PLPs collected from inhibitor conditions from bioreactor. 

Calcein+PLPs were gated and then CD42b vs. CD41 flow plots were analyzed for Day 12 

bioreactors for control, iArp2/3-0.5M, iRhoA-1M and iRac1+iCdc42. (iRac at 50 M and 

iCdc42 at 10 M).  
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Figure 6.10 Confocal analysis of collected PLPs from inhibitor conditions from 

bioreactor. Images of PLPs on BSA, fibrinogen and fibrinogen + thrombin for collected 

bioreactor PLPs on Day 12 for control, iArp2/3-0.5M, iRhoA-1M and iRac1+iCdc42. 

(iRac at 50 M and iCdc42 at 10 M). Red = actin, green = beta-tubulin, blue = DNA. Scale 

bars = 10 m. 
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Finally, to estimate PLP-yields, we used an orbital shaker to process a larger number of Mks. 

After the respective inhibitors were added on Day 9, the conditions were shaken and sampled 

on Day 12. For one donor, the %CD41+CD42b+ PLPs was ~25% for both control and 

iArp2/3-0.5M. It was substantially lower for iRhoA-1M and iRac1+iCdc42 at ~12% 

(Figure 6.11A). The estimated PLP-yield per seeded Mk was low for all conditions but 

iArp2/3-0.5M and iRhoA-1M were higher than the control and iRac1+iCdc42 had the 

lowest production (Figure 6.11B). We then decided to analyze iArp2/3-0.5M and iRhoA-

1M for an additional three donors. These two conditions had similar %CD41+CD42b+ PLPs 

as the control (Figure 6.12A), however, PLPs produced per seeded Mk was on average 

higher in the controls (Figure 6.12B). 
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Figure 6.11 Analysis of PLPs collected from inhibitor conditions from orbital shaker. 

(A) CD42b vs. CD41 flow plots of PLPs collected from orbital shaker. (B) Estimated PLP 

yields per seeded Mk for control, iArp2/3-0.5M, iRhoA-1M and iRac1+iCdc42. (iRac at 

50 M and iCdc42 at 10 M). Results for single donor. 
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Figure 6.12 PLPs collected from inhibited Arp2/3 and RhoA conditions from orbital 

shaker. (A) CD42b vs. CD41 flow plots of PLPs collected from orbital shaker. (B) 

Estimated PLP yields per seeded Mk for control, iArp2/3-0.5M and iRhoA-1M. n = 3. 

Bars = +/- SEM. 
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6.4. Discussion 

In these studies, we aimed to understand the impact of pharmacological inhibition of RhoA, 

Rac1 and Cdc42 GTPases with the goal of enhancing aspects of Mk culture to improve 

platelet yields. The selected inhibitors have been used before with mouse Mks and fresh 

blood platelets but not investigated in vitro with human Mks. After selecting inhibitor 

concentrations based on impact to Mk culture viability, we investigated exposure of Mks to 

these inhibitors and their effect on ploidy levels, proPLT formation and particle generation. 

The selected inhibitor concentrations were also within ranges tested in vitro.[29,135,136] 

An interesting observation from our viability studies was that Cdc42 inhibition with ML141 

led to a shift in DAPI uptake for Mks while retaining Calcein and thus appearing as viable 

cells. We are not aware of other reported studies using ML141 with a similar observation on 

viability of cells. Since studies involving knockout of Cdc42 interacting protein, CIP4, 

which interacts with activated Cdc42, resulted in a more rigid plasma membrane and softer 

cell cortex[138], we speculate that changes to the Mk membrane might allow DAPI to enter 

the cell and/or not be pumped out of the cells efficiently. 

 

Conditional knockout of Cdc42 in bone marrow(BM)-derived mouse Mks was reported to 

reduce proPLT formation in vitro.[65] In the same study, conditional knockout of Rac1 did 

not impact proPLT formation. In contrast, our results using human mPB-Mks showed that 

inhibition of Cdc42 with 10 M of ML141 did not impact proPLT formation, but inhibition 

of Rac1 with 50 M of NSC23766 nearly abolished proPLT formation. Our results are 

supported by reported low proPLT formation of mouse Mks in the presence of NSC23766 
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at 50 M.[29] The removal of Rac1 inhibitor NSC23766 from treated Mks appeared to re-

start proPLT formation, though removing the inhibitor too late in culture still led to low 

number of Mks making proPLTs. Interestingly, the use of ML141 on BM-mouse Mks 

showed a negative impact to proPLT formation that was not seen in our studies.[135] 

Differences between our results and published studies could be attributed to the cell-source, 

mice vs. human, and knockout models vs. pharmacological inhibition. Other studies have 

instead used the inhibitor CASIN for Cdc42 studies.[135,139] Notably, a recent study that 

used CASIN on mPB-derived Mks reported reduced proPLT formation.[140]   

 

Using a conditional double knockout of Cdc42 and Rac1 significantly reduced proPLT 

formation compared to single knockouts in BM-mouse Mks.[65] Additionally, 

pharmacological inhibition of Pak2 (a downstream effector of both Rac1 and Cdc42) or a 

knockout model of Pak2 significantly reduced proPLT formation in BM-mouse Mks. Our 

double inhibition studies of Rac1 and Cdc42 had lower proPLT formation than single 

inhibition of Cdc42 and controls but was similar to Rac1 single inhibition. Another factor 

downstream of Rac1 and Cdc42 is the Arp2/3 complex and its inhibition with CK-636 in 

mouse Mks improved proPLT formation.[137] Though we did not observe a significant 

increase in proPLT formation with CK-636 on human mPB-Mks, theses cultures tended to 

have higher proPLT formation than controls.  

 

In our studies, RhoA inhibition with Rhosin did not increase proPLT formation. Previous 

studies of inhibition of RhoA with small molecule Tat-C3 slightly increased proPLT 
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formation but inhibition of RhoA’s downstream effector ROCK with Y-27362 increased 

proPLT formation of mPB-Mks near 2-fold in static cultures.[58] Therefore, directly 

targeting RhoA activity with inhibitors may not be an effective way to improve proPLT 

formation and rather targeted downstream inhibition of effectors may be more productive.  

 

Only dual inhibition of Rac1 and Cdc42 led to improved %high-ploidy Mks compared to 

control. Although single and double knockout of Rac1 and Cdc42 in mouse Mks did not 

change ploidy[65], inhibition of downstream effector Pak2 led to higher ploidy mouse 

Mks[74] supporting our observations. Based on previous studies, we expected RhoA 

inhibition to increase polyploidization but did not see a significant change to the treated Mks. 

Interestingly, one study delivered the RhoA inhibitor Tat-C3 through electroporation into 

Mks and reported a significant increase in Mk ploidy[16]. Additionally, the use of ROCK 

inhibitor Y-27362 on mPB-Mks and cord blood-derived Mks also increased ploidy 

levels.[16,19] 

 

These Rho GTPases are also highly involved in platelet function.[141] Platelets generated 

from mouse Mks lacking RhoA spread normally on fibrinogen upon thrombin addition but 

had deficiency in clot formation.[142] Platelets from Cdc42 conditional knockout study in 

mice were able to normally spread on fibrinogen in the presence of thrombin [65] but other 

mouse studies showed limited spreading and reduced secretion of alpha and dense 

granules.[143] Conditional knockout of Rac1 in mouse Mks created platelets that were not 

able form lamellipodia or spread on fibrinogen after thrombin addition [65,69] and inhibition 
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with NSC23766 in mouse platelets also impacted secretion but had no impact on platelet 

counts.[144] Though our confocal analysis of PLPs collected from the bioreactor showed 

characteristic spreading on fibrinogen in the presence of thrombin, further studies should be 

conducted such as aggregation studies and flow cytometry activation assays to understand 

potentially negative impacts of exposure of Mks to these inhibitors prior to PLP generation. 

However, based on our experiments none of the inhibitor conditions tested improved PLP-

yield per seeded Mk after shaking for numerous days. 

 

It is important to note that most likely there is cross-talk between RhoA, Cdc42 and Rac1 

and even some redundancy.[145] A recent study demonstrated that RhoA and Cdc42 activity 

is closely linked during terminal proPLT formation stages.[146] Future studies should also 

provide data on levels of GTP-bound GTPases to see if inhibition of a single GTPase is 

affecting the activity levels of the others. Additionally, measuring the GTP-bound levels of 

the targeted GTPase will allow one to understand if their activity in Mks can be substantially 

altered with pharmacological inhibition. Our studies indicate that the results between 

reported knockout models and pharmacological inhibitions at times do not agree. Even 

though we observed lower Mk viability at higher inhibitor concentrations, a more in-depth 

dose-response analysis may provide additional insight. Finally, differences in results 

between commercially available inhibitors and methods of delivery should also be 

considered moving forward.[16,135,147] The lack of PLP yield improvements through 

attempts to increase proPLT formation or ploidy in our Mk cultures with a targeted high-
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level inhibition of cytoskeletal regulators further underlines our gaps in understanding 

platelet biogenesis.  

 

6.5 Acknowledgements 

This research was supported by NSF grant CBET-1265029. Andres Martinez was supported 

in part by NIH Predoctoral Training Grant T32 GM008449. We acknowledge the use of the 

Micro/Nano Fabrication Facility (NUFAB), Flow Cytometry Core Facility, and Biological 

Imaging Facility (BIF) at Northwestern University. We thank Kathleen Jenkins, Vasil 

Kukushliev and Damien Doser for assistance with several experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



242 

CHAPTER 7: Conclusions and recommendations 

7.1 CHAPTERS 2-4: Microfluidic bioreactors to study proPLT and PLP formation 

In Chapters 2 and 3, I described our uniform shear rate bioreactor (USRB-7um), performed 

computational fluid dynamics modeling (CFD) and experimentally showed that 

environmental factors can influence Mk productivity. Using the findings from Chapters 2 

and 3, we engineered the USRB-5um (Chapter 4) to improve the capture efficiency of cord 

blood-derived (CB) Mks and evaluated different cultures and their impact to PLP 

production. Additionally, we took steps to scale up the bioreactors to the lung-USRB 

(Chapter 4) and performed proof of concept studies to show the potential of the system.  

 

The microfluidic systems presented in this work can serve as characterization tools but there 

are limitations and challenges in further scaling up these microfluidic systems. Improving 

the Lung-USRB microfluidic with numerical modeling and simulations and improved 

construction is crucial [91,92]. A re-designed network should mitigate non-uniform 

environments we observed. Best practices of microfluidic designs have led to increased cell 

number capacities nearing 107 cells, controlled environments with automation, stacking of 

multiple networks and incorporating temporal gradients.[148-150] Therefore, a focused 

strategy on developing techniques, designs and processes can deliver platelet microfluidic 

bioreactors with in vivo physiological attributes and I believe this is achievable.  

 

We have seen that after the flow has stagnated using syringe pumps and Mk productivity is 

low, tapping the Lung-USRB jostled the Mks trapped at the slits and restarted PLP 
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generation (Figure 7.2). With these observations, we could use a peristaltic pump to oscillate 

the flow in the system when stagnation occurs. This would lead to controlled method of 

restarting PLP generation and a closed-loop system in which a reservoir of Mks are 

continuously processed. 

 

Figure 7.1 Restarting Mk productivity in stagnated environments in Lung-USRB. (A) 

Calcein-labeled Mks at the slits show little PLP activity. (B) After tapping the bioreactor, 

PLP generation restarts. White arrow = direction of flow. Scale bar = 50 µm. Flow rate = 40 

µL/min. 

 

There could still be a limitation on the number of cells that can be processed in microfluidic 

systems and so assessing other technologies to generate PLPs is necessary. A recent 

approach to generating large numbers of PLPs from iPSC-derived Mks used a reciprocating 

blade bioreactor to impart shear and turbulent energy on Mks.[51] This system could be 

explored with mPB or CB-Mks.  

 

PLPs
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7.2 CHAPTER 5: Improving megakaryocyte yields with G-Rex surfaces and fed-

batch dilutions 

In Chapter 5, we developed a new culture process (G40D) that utilizes the G-Rex technology 

during thefirst phase of our culture as well as media dilutions to significantly improve Mk 

yield per input CD34+ cell.[97] This new process has great potential and there are numerous 

areas of optimization and understanding highlighted below.  

 

We should focus on further increasing the number of Mk progenitors. As described in the 

chapter, higher G-Rex seeding densities led to greater Mk progenitor numbers by mid 

culture. Screening studies with high densities (> 100 x 103 cells/cm2) also supported these 

results but retaining the cells too long in the G-Rex (until Day 7) at high densities led to 

lower Mk numbers. The new protocol retains the cells in the G-Rex until Day 5 only. 

Exploring the upper limit of seeding-cell densities is highly recommended. We could also 

use more hypoxic conditions during the first 5 days (near 0% O2) to achieve lower oxygen 

tension near the cells resting on the silicon membrane in the G-Rex. 

 

Re-visiting our cytokine strategy is recommended to take advantage of the expansion 

potential of increased Mk progenitors. We should perform a factorial analysis of cytokine 

concentrations as was executed by our lab previously.[42] Specifically, we should focus on 

IL-3 levels since IL-3 has been shown to promote expansion of Mk progenitors.[110,111] 

However, there have been studies that suggest IL-3 could impact Mk 

maturation.[98,151,152]  G40D conditions showed ~50% more high-ploidy Mk numbers per 
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input CD34+ cell compared to controls. Therefore, polyploidization wasn’t impacted, but 

other potential negative should be considered in the future.  

 

Our culture generates a heterogenous population of Mks. Reports have indicated that there 

are two different populations of Mk progenitors and that one is responsive to IL-3 for 

proliferation.[153]  Our experiments with late media removal or lack of IL-3 support this as 

the total number of Mks was diminished compared to media dilutions with IL-3. Thus, 

gathering additional information on these IL-3-dependent Mks, which may be immature, 

will be highly beneficial. A cell-sorting strategy would first use ploidy levels to isolate 

2N/4N Mks since diluted conditions have higher numbers of these Mks. Then to isolate 

immature Mks, we could use the uptake of fluorescently labeled coagulation factor-V by 

mature Mks.[96] The two populations could be then be compared based on structural 

analysis through TEM, transcription factor analysis or proteomics.[154]  

 

An observation from our G-Rex and dilutions studies was that lower %high-ploidy cultures 

were generated due to higher 2N and 4N Mk numbers. Interestingly, nicotinamide addition 

appeared to have minimal effect on these smaller Mks. Therefore, we could explore other 

factors that can promote polyploidization. Studies have already identified potential 

molecules to use such as Src kinase inhibitor (SU6656) and a Rho-associated kinase inhibitor 

(Y27632)[19,123]. Additionally, these studies could be carried out with the pharmacological 

inhibitors of the Rho GTPases described in Chapter 6.  
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Finally, mechanistic studies on the retention of CD34 on cells within G-Rex high density 

conditions are recommended. The concentration of secreted soluble factors could be 

measured using a Human Cytokine 30-Plex panel from Invitrogen or other ELISA kits as 

has been used in previous media dilution studies of HSPCs.[108] Thus, we could understand 

if the retention of CD34 is driven by an autocrine/paracrine response or if it is due to cell-

cell contact. The concentration of these soluble factors could be measured at later stages of 

the process as well. This approach would also allow us to measure any inhibitory cytokines 

and factors secreted by the cells. 

 

7.3 CHAPTER 6: Increasing ploidy, proPLTs and PLPs by targeting cytoskeletal 

signaling pathways of Rho GTPases 

In this study, we focused on using reversible pharmacological inhibitors for RhoA (Rhosin), 

Cdc42 (ML141) and Rac1 (NSC23766) to improve Mk ploidy and/or proPLT formation that 

could lead to higher PLP yields. These Rho GTPases are implicated largely in the actin and 

tubulin cytoskeletal systems, however, have complicated signaling pathways.[75,132] Our 

results indicate that our high-level targeting approach was insufficient to improve Mk culture 

characteristics. Inhibition of downstream effectors of RhoA, Rac1 or Cdc42 could be 

explored in our primary cultures.  

 

In our culture, we purified the Mk fraction via bead selections on Day 7 and then on Day 9 

we added the different inhibitors to the culture. Nicotinamide was also added on Day 7 to 

our culture to promote polyploidization. Previous studies in the lab showed that adding 
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nicotinamide on Day 5 had similar positive effects on ploidy levels as Day 7 addition, but 

few changes occurred when it was added on Day 9.[42] Therefore, the addition of the 

inhibitors on Day 9 might be too late. Exploring the addition of the inhibitors on Day 7 along 

with nicotinamide may lead to a synergistic effect on ploidy.  

 

Our results with the Rac1 inhibitor, NSC23766, showed largely diminished proPLT 

formation but removal of the inhibitor re-initiated proPLT formation. We’ve made 

observations in the past that Mks can retract proPLTs in vitro after a period of time yet it is 

not clear what the trigger is. To further understand the impact of Rac1 on proPLT formation 

and given the strong antagonistic effect of early inhibition, adding NSC23766 to late proPLT 

forming cultures and monitoring for larger numbers of retractions and reduced proPLT 

formation might further elucidate Rac1’s role in PLP generation. This experiment could be 

conducted in the Nikon Biostation systems which integrate an incubator with microscopy 

for long term and multi-point live cell imaging.  

 

As was described in Chapter 5, the use of media dilutions promoted the expansion of Mks 

in our non-selected cultures primarily due to the media retention/IL-3. Our data in Chapter 

5 indicated that larger numbers of 2N and 4N Mks were generated, therefore, it is plausible 

that coupling the Rho GTPase inhibitors with the media dilution process could promote 

higher ploidy Mks by preventing the 2N/4N Mks from dividing.  
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Finally, developing novel mechanistic studies of the Rho GTPase pathways that can 

illuminate their transient behavior and improved imaging techniques to track localization 

will lead to greater understanding of platelet biogenesis and likely identify optimal targets 

for ex vivo in cultures.[56]  

 

7.4 Towards a scalable ex vivo Mk and PLP production process 

The limited understanding of the processes that govern HSPC expansion and commitment 

to Mks as well as the maturation of Mks into platelet-producing cells leads to the ex vivo 

challenges of (1) producing many Mks from each input CD34+ cell and (2) efficiently 

generating platelet-like-particles (PLPs) from Mks. The work I have completed (Figure 7.2) 

identified cell-culture process development approaches that improved Mk numbers (Chapter 

5) and engineered bioreactors to further our understanding of ex vivo PLP generation 

(Chapter 2-4). Though these projects help further our goal of developing an ex vivo Mk and 

PLP production process and tackle the challenges of the field, we are still considerably short 

of clinically relevance. I believe that a combined effort between scientists – helping us 

understand fundamental biological mechanisms – and engineers – designing technologies 

that incorporate biological relevance – will lead to success in the field.   
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Figure 7.2 Towards a scalable ex vivo Mk and PLP production process.  
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