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Abstract 

Creating systems for the cost-effective culture of human haematopoietic stem cells (HSC) has 

been the aim of several research groups over the last two decades. HSC’s range of clinical 

applications is wide and comprises both temporary and permanent treatment of several disorders 

and diseases, particularly on the blood transplant field. In humans, bone marrow produces around 

200 billion red blood cells every day. Mimicking the bone marrow microenvironment in order to 

obtain similar production rates in vitro to the ones verified in vivo is challenging due to its complex 

mechanics, cellular heterogeneity and nutrient requirements.  

The present work aimed to scale-out a previously existing hollow fiber bioreactor for the culture 

of human hematopoietic cells towards red blood cell production. An in silico-in vitro approach was 

followed to design a novel hollow fiber bioreactor with a 10-fold working volume decrease 

compared to a previously existing system, which allowed for a 5-fold higher cell seeding density. 

A first 28-day culture was performed with the cumulative filtration of 6.5x106
 total cells (13% of 

the inoculated cells) despite the observation of a large-scale red cell clot which one demonstrated 

to be mid-late erythroblasts. Material characterization experiments were performed and their 

results led to a second 28-day culture with 30% more total cell filtration and 100% more 

mononuclear cell filtration in comparison with the first culture.  

Further experimentation is required for further optimization of the system, enhancing its 

productivity and addressing the bottlenecks of the system, allowing for correct predictive 

modelling strategies and outputs as well as an increase on the cellular production. Alternative 

strategies to increase cell seeding density such as lesser number of timestamps or higher total 

cell seeding per reactor can enhance the productivity of the system. 
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1. Introduction 

Blood transfusions are one of the most 

common clinical procedures in the world to 

address several types of hematological 

disorders. Data from 2008 reveals that 

surgery and anemia account for 65% of all 

the blood transfusions performed in the 

United Kingdom on that year. Despite fixing 

problems like a deficit of red blood cells or 

plasma components, blood transfusions do 

not address the problem on its source – 

often, this is due to a malfunctioning in the 

bone marrow and/or other organs. Also, not 

every country is auto-sufficient in terms of 

blood donation/demand ratio. World Health 

Organization (WHO) recommends a 

minimum rate of 20-25 blood donations per 

1000 inhabitants (WHO, 2011); however 

65% of all the global blood donations are 

performed in no more than 10 countries. 

It is widely known that the bone marrow 

produces all the blood cells residing in our 

system, which are as diverse as red blood 

cells (oxygen transport), white blood cells 

(the so-called soldiers of our system) and 

platelets, with clotting properties. Those 

different cells arise from a single common 

progenitor called Hematopoietic Stem Cell 

(HSC). Often referred as Cluster of 

Differentiation 34-positive (CD34+), these 

cells reside in the bone marrow in a 

1:100,000 total cell ratio (NIH, 2016) which 

is a relatively low abundance. Nonetheless, 

this does not stop a healthy individual’s bone 

marrow from producing over 200 billion red 

blood cells (RBC), 200 billion platelets and 

80 billion white blood cells (WBC) every day 

via a process called hematopoiesis, which 

starts on a multipotent stem cell (HSC) and 

cascades down through several stages of 

maturation leading to terminally 



differentiated cells released into the blood 

stream.  

Several groups have developed strategies to 

mimic hematopoiesis and expand 

hematopoietic cells in vitro. However, liquid 

suspension (LS) cultures with or without the 

presence of a mesenchymal stem cell (MSC) 

feeder layer neglect the 3D architecture and 

complexity of the bone marrow 

microenvironment. This complex organ is 

known for the co-existence of a 

hematopoietic near the vasculature and an 

osteoblastic niche away from the 

vasculature (Biosciences, 2007). Despite 

reporting, on the best case scenario total 

nucleated cells (TNC or MNC, standing for 

MonoNucleated Cells) and CD34+ cell 

expansions of 660-fold and 160-fold on a 

liquid suspension without feeder layer 

(Delaney, Heimfeld, & Brashem-Stein, 2010) 

and expansions of 500-fold and 50-fold for 

TNC and CD34+ cells (Zhang, Chai, & Jiang, 

2006), these culture systems replace the in 

vivo microenvironment by abnormal cytokine 

concentrations. For example, Stem Cell 

Factor (SCF) is present on liquid suspension 

cultures in values ranging 100-300 ng/mL 

(Andrade, dos Santos, Cabral, & da Silva, 

2015), being its in vivo concentration of 

about 3.3 ng/mL (Broudy, 1997) – this high 

cytokine concentration is known to possibly 

lead to loss of engraftment potential and 

differentiation capabilities (Nolta & Kohn, 

1990) (Hirayama & Ogawa, 1995). Also, 

liquid suspension cultures neglect the co-

existence of cells undergoing differentiation 

at different stages, as well as the 3D 

architecture of the bone marrow 

microenvironment and its cell-cell signaling 

and interactions. Also, liquid suspension 

cultures with feeder layers insert xeno or 

human antigens in the culture which can 

hinder its clinical applications (Panoskaltsis, 

Mantalaris, & Wu, 2005). Several groups 

focused therefore on addressing these 

issues and developing 3D biomaterials that 

would allow for hematopoietic cell culture on 

a three-dimensional fashion, with examples 

using packed-bed bioreactors and porous 

cellulose microcarriers (Mantalaris, Bourne, 

& Wu, 2004) or a stirred bioreactor using 

porous gelatin microcarriers (Xiong, Chen, 

Liu, Xu, & Liu, 2002). A group also created a 

system which allowed for a 56-fold 

expansion of TNC derived from Umbilical 

Cord Blood (UCB) on a long-term culture (28 

days), without the addition of exogenous 

cytokines (Mortera-Blanco, Mantalaris, 

Bismarck, Agel, & Panoskaltsis, 2011). More 

recently, a bone marrow on-a-chip device 

cultured ex vivo was effectively inserted into 

mice and allowed for adipose tissue and 

bone formation, as well as establishment of 

the hematopoietic niche (Torisawa, et al., 

2014). 

Directing hematopoietic cell cultures 

towards specific differentiation into the 

erythropoietic lineage with high numbers of 

terminally differentiated cells was firstly 

accomplished by a three-step liquid culture 

protocol yielding a pure erythroid precursor 

expansion of 200,000-fold. These precursor 

cells would undergo full maturation when 

injected on a NOD/SCID 

immunocompromised murine (Neildez-

Nguyen, et al., 2002). Advances performed 

by Douay’s group on in vitro erythropoiesis 

allowed for high fold expansions (up to a 

maximum of 1,950,000) when culturing 

CD34+-enriched cell fractions isolated from 

UCB, peripheral blood and bone marrow, 

with in vitro enucleation of late-stage 

erythroid progenitors promoted by the 

presence of a murine cell line (Giarratana, et 

al., 2005). Several years later, this group 

produced about 2mL of a high-density RBC 

suspension and injected it on am human 

patient, opening the doors for in vitro 

generation of clinically-relevant RBC 

numbers (Giarratana, et al., 2011). 

Nonetheless the authors themselves report 

that they do not aim to compete with blood 

transfusions as a source of RBC – their 

study was a proof a principle and definitely 

not a cost-effective protocol. Again, these 

examples used LS cultures which ignore the 

bone marrow’s characteristics and 

architecture, using cytokines (Erythropoietin 

or EPO) in concentrations up to 200-fold 

higher than its physiological level, which 

obviously has a very high cost associated 

(up to 50,000€ spent in cytokines). Several 

3D systems to generate RBC were 

highlighted in 2014 (Rousseau, Giarratana, 

& Douay, 2014) – a commercially available 

hollow fiber bioreactor was used to expand 

hematopoietic cells (15,000 fold expansion) 

and differentiate them into RBC (40% total 

CD235a+ cells) but its scalability and 

operation are unsolved questions (Housler, 



et al., 2012). The culture of late erythroblasts 

derived from CD34+ cells in aggregates 

allowed for an enhance on terminally 

differentiated cell numbers, highlighting that 

cell-cell contact and signaling is a key player 

on erythropoiesis. Scalability and cost-

effectiveness are questions to be 

addressed; nonetheless it is possible, as of 

today, to produce and safely infuse RBC into 

human patients – which is a major 

breakthrough towards clinical applications of 

in vitro generated RBC. 

2. Materials and Methods 

2.1 Reactor Fabrication 

Reactor shells were extruded from a 

Perfluoroalkoxy Alkane (PFA) rod (The 

Plastic Shop UK) on an in-house workshop 

(Imperial College Chemical Engineering 

Workshop). After an iterative design 

process, the reactors created had an 

external hollow PFA shell with a length of 

4cm and 4.5mm of internal diameter. Side 

and top ports were also shaped by the 

workshop in order to allow for medium 

perfusion and cell seeding, respectively. 

Side and top caps were also created by the 

workshop. After shell fabrication, the chosen 

ceramic hollow fiber was placed inside the 

reactor using quick-dry resin (Araldite) and 

centered longitudinally. Briefly, this hollow 

fibre had no more than 1mm of external 

diameter and was glued to both side ports of 

the reactor. After the resin dried at room 

temperature, side and top caps were placed 

and the reactor was ready for further work. 

2.2 Scaffold Fabrication 

5x5x5mm cubic scaffolds were prepared 

according to the methods described in the 

literature (Mortera-Blanco et al., 2010) 

(Mortera-Blanco et al., 2011) using the TIPS 

technique. Briefly, a solution of 5% (w/v) 

polyurethane (Noveon Europe) in dioxane 

(Anhydrous, 99.8% purity, Sigma)  was 

deposited inside a plastic Petri Dish 

(Corning) placed inside a vacuum flask at 

the desired volume. The same procedure 

was performed to scaffold the bioreactors. 

The vacuum flask was frozen at -80⁰C for a 

minimum of two hours and then left to 

freeze-dry in a ethyleneglycol bath (Techne 

– TE100 Tempete) thermostatized at -15⁰C. 

A continuous extraction of the dioxane 

solvent was performed by a vacuum system 

(Oerlikon Trivac) during five days, with 

collection of the solvent on a vessel placed 

inside a Dewar filled with Liquid Nitrogen 

(LN2), which was renewed twice a day. After 

completing the drying process, the scaffold 

disk formed was cut into the desired size, 

while the reactors were ready for further 

work. 

2.3 Coating 

Scaffolds and hollow fiber bioreactors were 

coated with a 62.5 μg/mL solution of 

Collagen Type I (Calf Skin Cell Culture 

Grade, Sigma) in Phosphate Saline Buffer 

(PBS, prepared with a tablet per 500mL, Life 

Technologies) with a procedure similar to the 

one described elsewhere (Mortera-Blanco et 

al., 2010). Briefly, scaffolds were washed 

twice with PBS by dipping them into fresh 

PBS solution and centrifuging them at 250 

RCF for 5 minutes (Hettich Rotina 46).. 

Then, they were immersed in the Collagen 

solution at room temperature for 30 minutes, 

followed by two washed with 70% (v/v) 

Ethanol (diluted from 100% Ethanol, VWR) 

and two washes of PBS. Hollow fiber 

bioreactors were perfused with PBS 

overnight followed by perfusion of the upper-

mentioned Collagen Type I solution for one 

hour. Finally, the reactors were perfused 

with 70% (v/v) Ethanol for 30 minutes 

followed by two PBS washes of 30 minutes 

each. For RGD coating, an in-house 

experimental protocol was followed (Miss 

Tahlawi, data not published). 

2.4 MNC Isolation & Seeding 

Umbilical cord blood units were obtained 

with consent, purchased from NHSBT and 

used as supplied. One UCB unit volume was 

diluted into four volumes of PBS and layered 

three volumes of that solution was layered 

over two volumes of Ficoll-Paque (GE 

Healthcare) split across twenty-four 50mL 

centrifuge tubes (Corning). Separation of the 

blood components was obtained by 

centrifuging the tubes at 160 RCF for 25 

minutes with minimum acceleration and 

deceleration. Buffy-coat layers were 

removed and placed inside a 500mL plastic 

bottle (Corning). After splitting the bottle’s 

contents into 50mL centrifuge tubes, the 

cells were concentrated to 40mL by 

centrifugation. Cells were seeded at 2.5x106 



MNC/mL in the coated scaffolds and at 

100x106 cells/mL in the coated reactors. 

2.5 Cell Culture 

All the cultures were performed inside an 

37⁰C incubator with an humidified 

atmosphere (95%) and CO2 for pH control 

(5%). The medium used (StemSpan SFEM, 

Stem Cell Technologies) was bought without 

any cytokines added and prior to culturing 

SCF and EPO (RnD Biosciences) were 

added at the desired concentrations. 

Medium was also supplemented with 

rhTransferrin (RnD Biosciences), 

Cholesterol and rhInsulin (Sigma-Aldrich, 

Cell Culture Grade). 

2.6 Cell Counting  

At every sampling day, a fraction of the 

recycle vessel was extracted and cells were 

counted using a hemacytometer 

(Marienfeld, 0.0025mm2). Briefly, the cell 

sample was concentrated at 250 RCF for 7 

minutes by a minimum of 8 times and 

ressuspended on an eppendorf (VWR). 

Then, 20μL of concentrated cell sample was 

diluted consecutively into an equal volume of 

Trypan Blue for viability cell counts (Stem 

Cell Technologies) or Methylene Blue with 

3% Acetic Acid (Stem Cell Technologies) 

and PBS until the desired dilution was 

obtained. Cells were then counted twice 

using a hemacytometer under a standard 

microscope and magnification (Leica DMIL). 

2.7 Scanning Electron Microscopy (SEM) 

Sections to be imaged with SEM were sliced 

and placed on a 48-well plate (Corning). 

Sections were fixed with a 3% 

Glutaraldehyde solution in Sorenson’s 

Buffer overnight. Sorenson’s buffer was 

prepared fresh by adding a 0.078M solution 

of monobasic-Potassium Phosphate to a 

0.078M solution of dibasic-Sodium 

Phosphate and adjusting pH to 7.4. Osmium 

Tetraoxide (OsO4) was applied at 1% (v/v) 

as a post-fixative for one hour. Sections 

were then dried with an increasing gradient 

of absolute Ethanol diluted in Sorenson’s 

Buffer (50/50, 70/30, 90/10, 95/5 and 100/0 

twice, respectively) followed by a similar 

drying process in Hexadimethylsilazane 

(>99% Reagent Grade, Sigma) diluted in 

absolute Ethanol (70/30, 90/10, 95/5 and 

100/0 twice, respectively) and left to dry 

overnight. All the drying steps were 

performed inside a fume hood correctly 

calibrated and working. After fully solvent 

evaporation overnight, sections were glued 

to SEM metal holders (Agar Technologies) 

using carbon tape (Agar Technologies) and 

spur-coated with gold (20mA, 30s) prior to 

imaging on a JEOL JSM JA6400 SEM. 

2.8 Flow Cytometry 

Cells for Flow Cytometry were stained with 

Calcein AM, violet (Life Technologies) 

prepared fresh in DMSO (Sigma) and diluted 

into PBS for 45 minutes at room 

temperature. Hoescht (Sigma-Aldrich) was 

prepared as recommended and added as 

Living-Cell DNA stain during the viability 

stain step. Cells were them washed with Cell 

Staining Buffer composed by 1% (w/v) 

Bovine Serum Albumin (Sigma, >98%) and 

0.01% (w/v) Sodium Azide (Sigma, 

>99.99%) and centrifuged at 2500 RPM for 

5 minutes in a Heraeus Biofuge Pico 

centrifuge prior to antibody incubation. APC-

CD61 and PE-CD235a+ antibodies (BD 

Biosciences) were added to the cell samples 

with their respective isotypes and incubated 

at 4⁰C for one hour. Cells were finally 

centrifuged, washed with CSB, centrifuged 

and ressuspended in PBS and then 

analysed using a BD LSR Fortessa (BD 

Biosciences) and a BD FACS Diva software 

(BD Biosciences). Raw data was treated on 

Flowing Software (free and available on 

http://www.uskonaskel.fi/flowingsoftware/). 

2.9 Confocal Microscopy 

Sections with cells to be imaged by Confocal 

Microscopy were fixed overnight with 4% 

(w/v) paraformaldehyde in PBS at 4⁰C and 

washed in CSB containing 1% (w/v) Bovine 

Serum Albumin, 0.5% (w/v) Tween-20 

(Sigma-Aldrich) and 0.01% (w/v) Sodium 

Azide on the next day. Cells in the sections 

were then permeabilised with CSB 

containing 0.1% (w/v) Triton X-100 (Sigma-

Aldrich) for 1 hour followed by a wash with 

CSB. Blocking was made with a 10% (w/v) 

solution of Fetal Donkey Serum in CSB for 4 

hours at 4⁰C followed by a wash with CSB. 

Primary antibody stain was performed with 

rabit anti-human CD71 and rat anti-human 

CD235a for 10 hours in a CSB solution at 

4⁰C. Sections with cells were washed with 

CSB Prior to a secondary antibody stain with 

http://www.uskonaskel.fi/flowingsoftware/


anti-rabit and anti-rat antibodies for 4 hours 

at 4⁰C. after a CSB and PBS wash, a final 

DAPI (50 μg/mL) was performed in PBS for 

two hours. Sections with cells were washed 

in PBS twice before being imaged using a 

Leica JP5 equipment. Image post-

processing and treatment was done using 

Fiji imageJ (free and available at 

http://fiji.sc/). 

3. Results and Discussion 

3.1 Reactor Design 

Inspired on a previous work performed by 

Mister Mark Allenby, a mini hollow fibre 

bioreactor was created. The goal was to 

reduce the volume by as much as possible, 

in order to increase the cell seeding density. 

After an iterative step, one designed a new 

reactor shell with 0.5mL working volume (10-

fold smaller than the previous one), which 

would be operated at a minimum of 5-fold 

higher cell seeding density (100x106 

MNC/mL), shown on Figure 1.  

 

 

Figure 1- Different views of the newly-designed Hollow Fibre Bioreactor (HFBR). Top row, left to right: Comparison of 
the size of the HFBR Shell with a standard nitrile L-size glove; Ruler with scale in centimeters. Bottom row: Close-up 
view of the reactor, with the side and top caps on. 

The reactor would be composed of a 

ceramic hollow fiber that was centered inside 

the shell shown on Figure 1. Cells would be 

seeded on the scaffold formed outside the 

fiber by TIPS and filtered through the fiber. 

The system in operation can simply be 

described by a central recycle vessel with 

perfusion of medium through the reactor 

system and a continuous addition and 

removal of fresh and wasted media, 

respectively, with flow rates no higher than 

20% of the perfusion flow rate. This 

schematic is summarized on Figure 2. 
 

Figure 2- Culture system in operation. 

http://fiji.sc/


3.2 Modelling 

Data extracted from previous work 

performed by Mark Allenby allowed for an in 

silico analysis. A dynamic model was 

developed allowing for the implementation 

and study of feeding policies, nutrient 

concentrations and operational parameters 

like vessel volumes and flow rates. This 

model was used predictively for the two 

HFBR cultures performed. Tangentially, 

prior data relative to ammonia 

concentrations in the culture system was 

processed and digested to derive important 

conclusions. 

3.2.1 Cytokines 

The two fed cytokines were SCF and EPO, 

which are known to thermally degrade under 

the standard culture conditions. Their half-

life at 37ºC is estimated to be around two 

and three days, respectively (Misener, et al., 

2014). Using nomenclature accordingly to 

Figure 2 and considering no cellular 

production or consumption of these two 

components, one can write a generic 

material balance to the system (Equation 1): 

𝑑𝐴

𝑑𝑡
= 𝑄𝐹 . [𝐴]𝐹 + 𝑄𝑅𝑜 . [𝐴]𝑅𝑜 − 𝑄𝐵 . [𝐴]𝐵

− 𝑄𝑅𝑖 . [𝐴]𝑅𝑖 − 𝑘𝐷. 𝐴 (1) 

Under the assumptions of perfect mixing on 

the system, this yields Equation 2: 

𝑑𝐴

𝑑𝑡
= 𝑄𝐹 . [𝐴]𝐹 + [𝐴]. ( 𝑄𝑅𝑜 − 𝑄𝐵 − 𝑄𝑅𝑖) − 𝑘𝐷 . 𝐴 (2) 

Equation 2 was solved by Euler’s Method 

and allowed for the prediction of the cytokine 

concentrations in culture, according to the 

following premises: 

 SCF and EPO concentrations of 30 

ng/mL and 0.3 U/mL on the fresh 

culture medium, respectively 

 SCF fed for the first 22 days; 

 EPO fed from the 8th day onwards 

The cytokine profile over a 28-day culture is 

shown on Figure 3.  

 

Figure 3 – Cytokine concentrations over a 28-day 
culture. 

3.2.2 Ammonia 

Ammonia is a key component of the system. 

Its toxic effects over animal cell shape and 

functionality have been shown with 

concentrations higher than 2.5mM (Ozturk & 

Palsson, 1990). To accurately describe 

ammonia’s generation in culture, an in silico 

approach was followed, using data from 

previous experiments. 

Glutamine is not the only source of 

ammonia 

It was believed that glutamine present on the 

culture media accounted for the majority of 

ammonia present in the system. However, 

data from two previous experiments with 

unseeded (controls) and seeded 

(scaffolds) cubic polymeric scaffolds 

allowed to verify that glutamine thermal 

degradation into ammonia does only 

account for 55% of the total ammonia in 

present in culture. 

The thermal degradation of glutamine into 

ammonia is described by: 

𝐺𝑙𝑢𝑡𝑎𝑚𝑖𝑛𝑒 (𝐺𝑙𝑛) → 𝐺𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒(𝐺𝑙𝑢) +  𝑁𝐻3 

Assuming a first-order decay, and given the 

1:1 stoichiometry, this yields: 

𝑑𝑁𝐻3

𝑑𝑡
= −

𝑑[𝐺𝑙𝑛]

𝑑𝑡
= 𝑘𝐺𝑙𝑛. [𝐺𝑙𝑛] (3) 

The degradation constant 𝑘𝐺𝑙𝑛 was derived 

from experimental data (controls – 

unseeded – Appendix I). By plotting real 

Glutamine and Ammonia concentrations (14 

measurements with a two day interval, 

assumed to be independent and therefore 

averaged) against a predicted Ammonia 



concentration using Equation 3 one is able 

to show that Glutamine cannot possibly be 

the source of all the ammonia in culture 

(Figure 4). 

 

Figure 4 – Profile of glutamine concentration over two days (in blue) 
against real ammonia concentration (measured by Bioprofiler, in green) 
and the predicted ammonia concentration should glutamine be the only 
source of ammonia (in red). 

Ammonia cellular production exists, but 

is neglectable 

Since glutamine mechanism does not 

account for all the glutamine formed, one 

assumed that ammonia generation could be 

described by Equation 4: 

𝑑[𝑁𝐻3]

𝑑𝑡
= 𝑘𝑁𝐻3. [𝑁𝐻3] (4) 

Equation 4 is not a first-principle equation 

but is based on previous experimentation, 

which showed a quasi-exponential ammonia 

generation with time, starting slowly and 

assuming a pseudo-exponential profile. By 

taking data from controls (unseeded 

scaffolds) one determined  𝑘𝑁𝐻3 (Appendix 

I). Assuming that cell production exists – but 

is independent of cell number, one includes 

a production term: 

𝑑[𝑁𝐻3]

𝑑𝑡
= 𝑘𝑁𝐻3. [𝑁𝐻3] + 𝑝𝑁𝐻3 (5) 

Solving this equation by fitting 𝑝𝑁𝐻3 values 

against experimental data extracted from 

scaffolds (seeded) one determines that 

𝑝𝑁𝐻3 =  0.00018567𝑚𝑀. ℎ−1 and 

therefore that there exists cellular 

production, but that it is neglectable. A 

Figure in Appendix I shows the rationale that 

motivated this approach. 

 

3.3 First HFBR Culture 

Five reactors coated with Collagen Type I as 

described earlier were seeded at 100x106 

MNC/mL and cultured for 28 days in a 

standard 37ºC, 5% CO2, 95% humidified air 

incubator. They were fed with StemSpan 

SFEM medium supplemented with 1% 

penicillin-streptomycin,  an average of 22.5 

ng/mL SCF and 225 mU/mL EPO. Medium 

was also supplemented with rhTransferrin, 

rhInsulin and Cholesterol all 

inconcentrations ranging from 200 ng/mL to 

200 μg/mL. Fresh medium addition  and cell 

counting with Trypan Blue (Total & Viable 

cells) and Methylene Blue + 3% Acetic Acid 

(MNC) was performed every two days. 

Figure 5 shows a cumulative plot of this 28-

day culture. 

 

Figure 5 – Cumulative filtered cell counts throughout 
a 28-day culture. This accounts for the cumulative sum 
of the counts at every sampling day. 

Despite filtering less than 7x106 Total cells 

over 28 days, this reactor system (vertically 

oriented) generated a massive red cell clot 

(Figure 6) which was later shown by 

Confocal Microscopy to be composed of 

mid-late erythroid progenitors (images not 

shown) which led us to believe that those 

reactors were blocked. Several material 

characterization experiments took place to 

understand why this red cell clot was formed. 

One devised a more appropriate way to 

insert the scaffold on the reactor by closing 

the top caps after pouring the dioxane 

solution while keeping the same physical 

properties, evaluated qualitatively (SEM) 

and quantitatively (MIP). An extense 

characterization work (SEM, MIP, CFP, 

Filtration Experiments – data not shown) 



was performed with the available hollow 

fibers, which ultimately led to the choice of a 

different fiber than the one used on this 

culture due to its higher performance on the 

vast majority of the tests performed.  

 

 

 

 

3.4 Second HFBR Culture 

Five reactors coated with RGD at a 
concentration no lower than 100μg/mL as 
described earlier were seeded at 100x106 
MNC/mL and cultured for 28 days in a 
standard 37ºC, 5% CO2, 95% humidified air 
incubator. They were fed with StemSpan 
SFEM medium supplemented with 1% 
penicillin-streptomycin, an average of 15 
ng/mL SCF and 225 mU/mL EPO – SCF was 
fed during 14 days and EPO was fed from 
the 8th day onwards. Medium was also 
supplemented with rhTransferrin, rhInsulin 
and Cholesterol all in concentrations ranging 
from 200 ng/mL to 200 μg/mL. A reactor was 
sacrificed every seven days and frozen for 
post-culture analysis using CF and SEM 
techniques (data not shown, currently under 
post-processing). Fresh medium addition  
and cell counting with Trypan Blue (Total & 
Viable cells) and Methylene Blue + 3% 
Acetic Acid (MNC) was performed every two 

days. Figure 7 shows a cumulative plot of 
this 28-day culture. 

 

The Second HFBR Culture (2HFBR) filtered 
30% more total cells and 100% more MNC 
over the course of 28 days than the First 
HFBR Culture (1HFBR). However, the red 
clot was not observed – and therefore one 
cannot claim that there was a large-scale 

Figure 6 - Comparison of a Day 21 HFBR reactor with a big red clot believed to be hemoglobinized erythrocyte precursors (left panel) with a Day 2 
(top right panel) and a Day 21 HFBR (bottom right panel) from another experiment. The red clot is very visible and highlighted with a red circle, on 
the left panel. 



mid-late erythroblast production. The major 
differences between the two were both the 
fiber (1HFBR used fiber 9 while 2HFBR used 
fiber 6) the orientation (vertical versus 
horizontal, respectively) and the scaffold 
coating (Collagen Type I vs RGD, 
respectively). These three factors may play 
a key role on explaining the formation of a 
red cell clot of extremely high cell density.  

4. Conclusions and Future Work 

One successfully designed a mini-scale 
hollow fibre bioreactor (HFBR) that allowed 
for the culture of UCB-derived MNC, inspired 
by a previously existing system. Prior to 
reactor operation, some modelling issues 
were addressed. Looking to previously 
obtained data in controls (scaffolds without 
cells) allowed to conclude that the ammonia 
generated in the system has it source not 
just in Glutamine degradation (55% of total 
ammonia generated). To correctly develop a 
predictive model that allows for in silico 
experimentation, one has to better 
understand ammonia formation 
mechanisms. A possible solution is to 
analyse both the culture medium and the 
samples during culture using HPLC in order 
to understand what other sources of 
ammonia. For instance, the presence of 
asparagine in the culture medium can also 
be a source of ammonia (Brouguisse, 
James, Pradet, & Raymond, 1992). Other 
aminoacids can also thermally degrade into 
ammonia under the culture conditions. A 
proteomics/metabolomics approach linked 
with HPLC analysis can unveil ammonia 
formation mechanisms, allowing to predict 
kinetic constants for the degradation 
reactions and yielding an appropriate 
ammonia modelling. On the other hand, one 
also demonstrated that in scaffold cultures 
(scaffolds with cells), cell production of 
ammonia occurs but it is neglectable (up to 
10% of all the ammonia formed during a 28-
day culture). This is under the assumption, 
as discussed on earlier chapters, that 
ammonia production can be assumed to be 
independent of cell number. This hypothesis 
is wrong under Bioreactor Operation 
experiments performed in the past by many 
different authors – Monod kinetics, which 
depend on viable cell concentration in 
culture, describe ammonia’s dynamics in 
animal cell culture in a very accurate way. To 
yield better modelling results and more 
accurate outcomes, one has to devise ways 
to determine, at a given timestamp, how 
many viable cells exist inside the reactor. 
This will have to be performed at a large 

scale with several reactors operating at the 
same time and sacrificing one at a given time 
point for quantitative Confocal Microscopy 
(qCF) and CellTiter Glow analysis, which will 
allow for a better understanding of the viable 
cell number inside the reactor. Given this 
data, one can derive proper kinetic 
equations both for cell 
expansion/differentiation and ammonia 
formation, using Monod kinetics. 

The currently available fibers were 
characterized by a wide panel of techniques 
and the most appropriate was chosen for the 
second culture. In opposition with what 
happened on the first culture, there was no 
visible cell clot formation. This may have to 
do with the orientation of the reactor and/or 
with the fiber used on the same culture, 
which filtered two-fold less MNC and 30% 
less cells than the fiber used on the second 
culture. Further experimentation will have to 
be performed to assess both the red clot 
formation – trying to replicate it – as well as 
proper operating conditions (scaffold 
coating, flow rate, reactor orientation) to 
yield better results. Probably the next 
cultures using this system will replicate the 
first culture conditions and step-wise 
modifications will be performed in order to 
determine the optimal operation conditions. 
However, this is a very time-consuming 
process, since every culture needs two 
weeks of preparation, four weeks of 
operation and two weeks of post-analysis. A 
high-throughput method (several 
independent cultures in parallel, for 
example) might be necessary to speed up 
the process – nonetheless, this is a very 
demanding procedure requiring a maximum 
of two simultaneous cultures per man.  

Addressing cellular density issues, one may 
have to consider either a cell expansion step 
in vivo prior to seeding cells in the reactors 
or scale-down even more the current 
system, aiming for a maximum of 5-fold 
working volume reduction – the lower limit 
where the reactor becomes too small to be 
operable without any microfluidic 
approaches. A first cell expansion step 
would possibly yield better results, but 
completely tears apart one of the main 
objectives of this project, which is purely 
mimicking the bone marrow and allowing for 
cell growth inside the reactor, not on a prior 
step. Another possible solution would be to 
reduce the number of timestamps – 
therefore reducing the number of reactors 
sacrificed – and seeding more cells per 
reactor. On his prior experiments, Allenby 



seeded a maximum of three reactors at 
20x106 MNC/mL – A Day 0 reactor and one 
or two extra reactors that would be sacrificed 
either at Day 14 or at Day 14 and Day 28, 
respectively. With a typical isolation of a 
minimum of 400x106 MNC, one could 
possibly increase the seeding density by two 
or three times on the current system, but 
would obviously need to operate less 
reactors at a time. This solution might be the 
correct way to do, since there a single 
reactor experiment (with its respective Day 0 
control) performed by Allenby on his 
previous reactor system with a seeding 
density of 500x106 MNC/mL which yielded 
26x more filtered cells and 110x more 
aspirated cells (by pinching the scaffold with 
a needle and extracting cells) over a 28-day 
culture. Trying to replicate this high seeding 
density culture on the current miniaturized 
system will be something that one is very 
keen on doing on a near future. 

Coating efficacy also needs to be assessed 
correctly. Mister Allenby is currently 
optimizing a protocol where they can detect 
the RGD sequence (used on the second 
culture) using Confocal Microscopy. This 
coating was employed on the reactors after 
some successful preliminary cell cultures 
done on cubic scaffolds. However, the RGD 
coating protocol has three steps lasting a 
total of 40h. Despite being very time-
consuming, trying to coat the reactor with 
RGD also yields an additional problem – 
diffusion is the main mechanism of coating, 
since the coating solution is perfused 
through the system and diffused from the 
lumen of the fiber to the scaffold on the shell 
side. Diffusion also rules the cubic scaffold’s 
coating mechanism but the process occurs 
at higher rates, since they are not enclosed 
inside a rigid shell like the reactors, 
contacting directly with the coating solutions.  

Overall, this is a very interesting work with 

some complex issues that need to be 

addressed and evaluated. Solving these 

problems would result on a very robust 

system that possibly would be used on future 

clinical applications, either for drug testing 

and screening (bone marrow mimicry) or 

near clinical-scale production of red blood 

cells. There is a very long and hard path to 

be walked until one reaches that ultimate 

goal, however we believe we are closer than 

we were by the starting date of this work. On 

an ideal world, hematopoietic cell cost-

effective cultures directed to erythropoiesis 

will be the key to address rare blood-type 

shortages, blood unit deficit in 

underdeveloped countries and will tackle 

many of the hematological-clinical problems. 

The search for cheaper processes with 

greater yields is more intense than it was 

before, and this specific field will see many 

novelties on the upcoming years. 
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Appendix I 

1) Determination of k Glutamine 

 

 

2) Determination of pseudo k NH3 

 



3) Rationale for considering cellular production 

After plotting ammonia concentration data from controls (unseeded polymeric scaffolds) and 
scaffolds (seeded polymeric scaffolds) one verified that the concentrations on the scaffolds data 

were about 10% higher than the ones verified on the controls data (no statistical analysis 
performed).  

 

Supplementary Figure 1 - Comparison of Ammonia concentrations obtained from controls (without cells, blue) and from scaffolds (with cells, blue). The final 
values at t=48h averaged with 14 “independent” sampling points were for controls and for scaffolds, 1.14321mM and 1.23232mM respectively. This means 
that Ammonia generated by any cellular production only accounts for up to 8%. 


