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Chapter 1    
 

General Introduction 
 

 

1. Background  

In 1868 Neuman and Bizzozero proposed that the bone marrow (BM) is the major 

source of blood cells. The production of blood cells is called hematopoiesis, which is 

a continuous process because the life span of blood cells is limited. The daily 

production is about 2.5 billion red cells, 2.5 billion platelets and 1.0 billion 

granulocytes per kilogram of body weight [1].  

The different blood cells are produced by a small pool of hematopoietic stem cells 

(HSCs) in the bone marrow. The idea of a common stem cell as source for the 

different blood cells was first coined in 1909 by Alexander Maximow [2]. The 

scientific search for HSCs really began after the first nuclear tests, when it was 

recognized that irradiation destroyed the hematopoietic system. It was found that 

radiation-induced hematopoietic failure in laboratory animals could be reversed by 

injection of unirradiated BM cells. It was later shown that these animals were restored 

in all blood cell types [3]. 

The ability to restore the hematopoietic system by injection of BM cells (or HSCs) is 

currently used after high dose chemotherapy or radiotherapy treatment. BM 

transplantation is necessary after these treatments as they do not only kill the cancer 

cells but also the sensitive HSCs. Since the first successful BM transplantation in the 

late 1960s, this procedure has become an established part of many therapies. Not only 

is it used for the treatment of leukemia, but also for other cancers and hematological 

malignancies [4]. Moreover, it could help in the treatment of Crohn’s disease and 

probably other autoimmune diseases like rheumatoid arthritis and multiple sclerosis 

[5]. The number of patients that receive BM transplantation is estimated at about 

35000 per year in the US [6]. 

In addition to BM, primitive hematopoietic cells can also be obtained in small 

amounts from peripheral blood (PB) and umbilical cord blood (CB). The most 

important difference in cell content between BM and PB or UC samples is that BM 

contains non-hematopoietic, supporting, stromal cells. Treatment with so-called 
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mobilization factors can increase the concentration of HSCs in ‘mobilized peripheral 

blood’ (mPB) [7]. mPB is rapidly replacing BM as source of HSCs, since the 

harvesting of BM is a painful procedure that needs to be performed in an operating 

room. CB is an alternative cell source that is just beginning to be explored. The 

clinical results obtained with these cells are encouraging [8]. 

Once the donor cells are infused into the patient, it takes the cells 8-30 days to home 

to their specific microenvironment in the BM, engraft and restore hematological cell 

counts to safe levels. This is called short-term engraftment. During this period close 

monitoring of the patient and administration of antibacterial and antifungal agents are 

required in order to avoid infections. The treatments during this period account for a 

substantial fraction of the expenses of the transplantation procedure. Long-term 

engraftment can be evaluated after approximately five months, when HSCs have 

started the lifelong production of blood cells [9]. 

In vitro expansion and controlled differentiation of HSCs or hematopoietic progenitor 

cells (HPCs) is of great interest for application in BM or HSC transplantation. This 

would allow the harvesting of smaller specimens and infusion of the expanded cells at 

multiple time points. This would then reduce the recovery period of the patients. 

When the cells can selectively be differentiated it would be possible to produce 

specific blood cells for transfusion. The expansion and delivery of HSCs could also be 

useful in gene therapy [10]. 

 

2. Approach 

Mimicking the bone marrow environment in a bioreactor system is expected to 

improve the expansion of HSCs and provide a model to investigate the mechanisms of 

hematopoiesis and processes such as stem cell mobilization and homing. Here we will 

focus on the expansion of HPCs and their differentiation into erythroid cells. 

The BM is thought to contain niches in which HSCs are localized in a specific 

microenvironment [11, 12]. In their niche the cells interact with stromal cells, 

extracellular matrix (ECM) components and cytokines. This environment can be 

mimicked using a bioreactor system in which a porous support structure provides the 

three-dimensional surroundings for the stem cells. This scaffold structure can be 

chemically modified in order to further mimic the ECM of the bone marrow. Mimicry 

of the bone marrow by using ECM or related molecules can help to modulate the 

function of growth factors, chemokines and cytokines.  
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3. Aim and structure of this thesis 

The objective of the studies presented in this thesis was to develop a bioreactor 

system based on mimicry of the BM, for the expansion and differentiation of HSCs. 

Collagen type I and heparin were used to prepare films, beads and porous structures 

for HSC/HPC culture. The beads were used in a hematopoietic bioreactor as scaffold 

for the HPCs. Collagen type I is an important component of the bone marrow ECM. It 

can be processed into different morphologies to form a two- or three-dimensional 

structure suitable for cell culture. Additionally, chemical modification with heparin 

allows the presentation of heparin-binding factors. Heparin served as a model 

compound for the extracellular matrix component heparan sulfate. 

An introduction on the bone marrow environment, hematopoiesis, erythropoiesis and 

different approaches to in vitro hematopoietic cell culture is presented in chapter 2. 

First, the chemical and cellular components of the bone marrow microenvironments 

are discussed. Secondly, an overview of the literature concerning hematopoietic cell 

culture and three-dimensional culture systems is presented. In the third part of the 

chapter both the biomimetic and bioreactor culture of HPCs are introduced. 

Chapter 3 describes the culture of PB CD34+ cells on heparinized crosslinked 

collagen films and deals with the effects of immobilized heparin on cell adhesion, 

expansion and maintenance of progenitor cells.  

In chapter 4 the adsorption of the chemokine SDF-1α to the heparinized crosslinked 

collagen films as well as the effects on HPC culture are investigated. This chemokine 

serves as a model compound to study the interactions between surface material, 

hematopoietic factor and cells. Its ability to increase HPC adhesion could be used for 

retention of the cells in a three-dimensional structure when used in a bioreactor.  

The binding and subsequent release of IL-3 by heparinized and non-heparinized 

crosslinked collagen films, as well as the use of these IL-3 pre-adsorbed films as 

substrate for culturing CD34+ cells, are presented in chapter 5. The preliminary 

results obtained using bFGF pre-adsorbed heparinized and non-heparinized 

crosslinked collagen films as substrate for culturing CD34+ cells are given in an 

appendix to chapter 5. 

In chapter 6 the HPC expansion when using heparinized crosslinked collagen films 

as culture substrate is compared with that in a packed bed of heparinized crosslinked 

collagen beads.  Finally, chapter 7 deals with a packed bed of these beads used in a 

bioreactor to expand the HPCs into erythroid progenitor cells. The use of this 
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hematopoietic bioreactor to differentiate HPCs into more committed erythroid cells 

like erythroblasts is described as well. 
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Chapter 2   
 

In vivo and in vitro Hematopoiesis 
 

 

1. The bone marrow and in vivo hematopoiesis  

The bone marrow (BM) environment plays a key role in the regulation of 

hematopoietic stem cell (HSC) proliferation and differentiation. The BM is a 

complicated tissue; therefore it will be discussed in three parts. The development and 

macroscopic structure of the bone marrow will be discussed first. After an overview 

of the cellular components of the BM, their extra-cellular matrix (ECM) will be 

described in more detail. 

 

1.1. Development and anatomy of the bone marrow 

Hematopoiesis in the embryo takes place in the yolk sac and in a region of the 

mesoderm surrounding the endothelium of the developing gut and blood vessels. 

After this embryonic phase, the HSCs colonize the developing liver and spleen. From 

the fifth month until birth the BM is seeded with cells from the liver and spleen and it 

becomes the exclusive site for the production of blood cells [1]. HSCs can also 

circulate in small numbers in peripheral blood (PB) and cord blood (CB), but only 

produce blood cells in the marrow. After 4 years the number of fat cells (adipocytes) 

in the BM of the long bones increases and after about 18 years, hematopoietic tissue 

only remains in the vertebrae, ribs, pelvis and in a part of the femora. 

The adult BM has a complex structure. A simplified scheme is shown in figure 1.  

 

Figure 1. The circulation of the bone marrow; adapted from Nilsson [2] 



Chapter 1 

8 

 The central sinus in the middle of the bone marrow is the central vein, which drains 

the highly branched network of medullary sinuses. The HSCs are located close to the 

endosteal region of the bone, while the more committed cells are distributed towards 

the central marrow [2]. The stem cells divide and develop through several stages and 

migrate through the endothelial cell layer of the sinuses when they are mature. 

 

1.2. The cellular components of the bone marrow 

Hematopoietic stem and progenitor cells 

HSCs are the source of all blood cells. The major distinction in blood cell types is the 

grouping into the myeloid and lymphoid lineage. The myeloid cells include 

erythrocytes (red blood cells), platelets (derived from noncirculating 

megakaryocytes), and white blood cells like monocytes and granulocytes (neutrophils, 

eosinophils, and basophils). The lymphoid white blood cells include T-lymphocytes 

and B-lymphocytes.  

HSCs are defined as cells that can develop into every blood cell type and are capable 

of self-renewal. This means that the cell division of stem cells is asymmetrical: they 

divide into a cell that is similar to themselves and a cell that differentiates. They are 

also capable of symmetric division, creating two stem cells, thereby expanding the 

stem cell pool. There are many stages in differentiation between HSCs and the final 

blood cells. A scheme of the hematopoietic hierarchy is shown in figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Hematopoietic cell lineages ; adapted from Panoskaltsis [3] 
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More primitive intermediate cells are referred to as hematopoietic progenitor cells 

(HPCs). Colony-forming units (CFUs) are progenitor cells that produce specific 

colonies in a semi-solid culture medium. 

HPCs can be obtained using several separation steps. Mature erythrocytes and 

granulocytes are removed from BM or blood by centrifugation through a density 

gradient. The remaining fraction is referred to as mononuclear cells (MNCs). Further 

separation techniques have to be used to obtain fractions with a higher HSC content. 

Labeled antibodies can be used to identify distinct cell types based on the expression 

of certain molecules on the cell membrane. These labeled cells can be isolated by 

fluorescence activated cell sorting (FACS). Many of these surface molecules are 

referred to as clusters of differentiation (CD).  

For the erythrocyte lineage the CD markers are illustrated in figure 3.  
 
 CFU-

GEMM 
iBFU-E1 mBFU-E2 CFU-E pEB3 bEB4 pcEB5 oEB6 reticulocyte erythrocyte 

CD34 
          

CD36 
          

CD45 
          

CD71 
          

CD235A 
          

1Immature BFU-E   2Mature BFU-E    3Proerythroblast     
4Basophilic erythroblast    5Polychromatic erythroblast   6Orthochromatic erythroblast 
 

Figure 3. Antigen expression in the erythroid lineage at the different stages of differentiation (grey: 

intermediate expression, black: high expression and white: no expression) [4,5]  
 

Despite HSCs being the most studied stem cells, the actual antigenic phenotype of 

‘the hematopoietic stem cell’ is still unknown. Several purified cell fractions obtained 

using combinations of antibodies fulfill the criteria for primitive HPCs. Known 

combinations are CD34+38-HLA-Dr-Thy+ or CD34+ without any other differentiation 

markers (the CD34+Lin- population) [1]. 

About 1-3% of BM-MNC express the CD34 antigen, the fraction in PB is 0.1-0.2% 

and in CB it is 0.8-1.2% [1]. The obtained cell fractions are enriched, but still 

heterogeneous with respect to HPC content. Additionally, the expression of the CD34 



Chapter 1 

10 

surface marker on HPCs decreases with aging* and its expression is influenced by cell 

cycle activity. This means that a small percentage of primitive cells can be CD34- [6]. 

Magnetic activated cell sorting (MACS) is usually used to obtain CD34+ cells. MACS 

is based on immunolabeling the surface membrane of the targeted cells with very 

small paramagnetic beads and the subsequent isolation of the labeled cells in a high 

gradient magnetic field. Afterwards the beads are rapidly internalized by the cells and 

do not seem to interfere with their functioning [7].  

Besides HSC identification with flowcytometry and colony forming assays, the gold 

standard remains the long-term in vivo reconstitution of hematopoiesis. For human 

cells immunodeficient (NOD/SCID mice) are used. 

 

Stromal cells 

In the BM the hematopoietic cells are surrounded by supporting cells called stromal 

cells. These cells produce an ECM, they present adhesion and signaling ligands to the 

hematopoietic cells and they produce cytokines, chemokines and other factors. The 

three-dimensional microenvironment of the HSCs, consisting of the stromal cells, the 

ECM and different factors (hormones, cytokines, chemokines, growth and colony-

stimulating factors) is called the stem cell “niche” [8, 9].  

The five most important stromal cell types are: endothelial cells, macrophages, 

adipocytes, osteogenic cells and fibroblast-reticular cells. The stromal system also 

contains stem cells. These are often referred to as mesenchymal stem cells (MSCs) or 

stromal stem cells. These MSCs can differentiate into many tissues, such as cartilage, 

bone, tendon, ligament, and marrow stroma [11].  

Endothelial cells cover the inner surface of the medullary sinuses and the outside of 

these sinuses contains adventitial fibroblast-reticular cells. These cells form the barrier 

between the venous sinuses and the extravascular hematopoietic spaces between the 

sinuses. The reticular cells are extensively branched and produce collagen I and IV, 

fibronectin, laminin and decorin [12]. Fibroblast-reticular cells can trans-differentiate 

into adipocytes, which are most abundant in the inactive yellow (fatty) BM, but they 

are also present in the hematopoietic red BM.  

                                                 
* Aging of HSC is an important, but controversial issue. Aging does not only cause changes in surface 

marker expression but also a decrease in stem cell functioning. There is some evidence that the 

capacity of self-renewal declines with increasing age of the donor [10]. 



In vivo and in vitro Hematopoiesis 

  11 

Macrophages are stromal-associated cells derived from blood monocytes and reside in 

the interstitial spaces of virtually all tissues and form the central component of many 

defense strategies. They also secrete regulatory factors and influence differentiation of 

HPCs [8,13].  

Bone cells like osteoblasts play a central role in the maintenance of HSCs in their 

microenvironment [14, 15, 16]. The former cells also function as supporting stromal 

cells for in vitro culture of HPCs [17, 18]. The supporting osteoblast cells adjacent to 

primitive cells express collagen type I, laminin, fibronectin, decorin, hematopoietic 

factors (cytokines, chemokines and growth factors) and high levels of Jagged-1, 

which is an important ligand for cell-cell (Notch-pathway) signaling [12, 19, 20, 21]. 

A recent model of the HSC-niche with a central role for osteoblasts is represented in 

figure 4.  

 

 

 

 

 

 

 

 

 
Figure 4. Model of HSC-Osteoblast interactions, adapted from Taichman [9] 

 

1.3. The extracellular components of the bone marrow 

The ECM is a dynamic system in which different ECM components interact with each 

other to form a three-dimensional structure to which cells and signaling molecules can 

adhere. The main ECM constituents of the BM are proteoglycans, 

glycosaminoglycans (GAGs), collagens and non-collagenous glycoproteins. 

Collagen in the BM ECM consists mainly of collagen types I, III, IV and V [13].  The 

general function of collagen in the body is mechanical. It provides the structural 

support of cells and it is the major component of connective tissues. Stromal cells and 

their precursors adhere to collagens through β1 integrins [22]. Additionally, several 

HPC cell-lines show some adherence to collagen type I [23]. The structure of fibrillar 

Type I collagen is shown in figure 5. 
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Figure 5. Organization of collagen, showing the major polypeptide sequence (primary structure), the 

polypeptide chains (secondary structure), their triple helix structure (tertiary structure) and the subsequent 

organization into fibrils (quartenary structure). 

 

The collagen fibrils form the meshwork of reticular fibers throughout the marrow 

(type III), and form the connective layer in the sinusoids (type IV) and the bone 

matrix (type I) [24]. The collagens are also important in the structural organization of 

the ECM through their interactions with other components like proteoglycans. 

Proteoglycans (PGs) are complex macromolecules with numerous GAGs linked to a 

protein core. PGs form aggregates linked onto a hyaluronic acid molecule. These 

GAGs are polymers of repeating amino sugar and uronic acid units that may be 

sulfonated. Common GAGs are chondroitin, heparan, dermatan, and keratan sulfates 

and hyaluronic acid [25]. The general structure of a PG is shown in figure 6.  
 

 

Figure 6. The general proteoglycan (PG) structure. The figure is reprinted and adapted from Biochemistry 

3rd by Mathews, Van Holde and Ahern [155]. 
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Especially HS-containing PGs are thought to play an important role in the 

presentation and activation of several molecules that influence hematopoiesis [26]. 

Hematopoietic factors such as cytokines and growth factors were identified and 

employed in culture media and they will therefore be discussed in the paragraphs 

concerning HPC culture. The presentation of hematopoietic factors by PGs and the 

other mechanisms by which these molecules can function are presented in figure 7. 
 

 

 

 

 

 

 

 
Figure 7. The mechanisms by which hematopoietic factors can function, with hematopoietic factors 

represented as grey spheres. Endocrine: signaling by means of hormones transported to their target 

through the circulation. Paracrine: signaling by molecules secreted by cells close to the receiving cell. 

Autocrine: signaling to a cell by means of molecules secreted by the cell itself. Juxtacrine: signaling by 

molecules that are transmitted or presented by other cell membrane bound molecules. 
 

Binding of a hematopoietic factor to GAGs or PGs can influence its function in 

several ways. Binding can change the factor’s conformation, thereby activating it [27, 

28]. The association to heparinoids can also protect a factor from proteolytic 

degradation [29, 30]. Finally, the binding of a hematopoietic factor to GAGs or PGs 

can induce conformation-dependent association or polymerization of the factor and its 

receptors [31]. The binding of bFGF to heparin is the paradigm for all these processes. 

Similar mechanisms are expected to play a role in the functioning of other, less 

studied, heparin-binding molecules [26]. 

The addition of 5 μg/ml HS to HPC culture medium resulted in improved HPC 

maintenance [32-34], but at sustained high concentrations (160 μg/ml) heparin had 

toxic effects [35]. The sulfation of GAGs appears to be important for maintaining 

HPCs, since O-sulfated HS and heparin supported HPC maintenance, while desulfated 

and N-sulfated heparin did not [33]. Additionally, HPC adhesion to heparin-coated 

surfaces was investigated. It was found that CD34+ cells adhered stronger to O-

sulfated heparin than to N-sulfated of desulfated heparin [33]. The binding and 
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thereby co-localization of cells and cytokines like IL-3 or MIP-1α to O-sulfated 

heparin could explain the improved HPC maintenance [34, 36]. An overview of HS 

and heparin-binding hematopoietic factors is given in table 1. 
 

Table 1. Hematopoietically active factors with articles or reviews on binding to HS or heparin. 

Abbreviation Full name Reference: 
MIP-1α Macrophage inflammatory protein 1α 34, 36  
IL-3 Interleukin-3 34, 37, 38 
GM-CSF* Granulocyte/Macrophage-colony stimulating factor 37, 38, 39 
SDF-1α Stroma-derived factor 1α 40, 41 
IGF Insulin-like growth factor 42 
* does not bind at neutral pH [43] 
 

Heparin-binding factors like bFGF [27-31] and TGF-β [44] have not been 

investigated for BM stroma or ECM binding. 

Hematopoietic cells also adhere to GAGs like HS and hyaluronic acid. HS 

degradation on stromal cell lines reduces HPC binding to these substrates [47]. 

Additionally, isolated HS and HS proteoglycans can inhibit CFU binding to stromal 

cells [48, 49]. Hyaluronic acid and its receptor (CD44) are both present on the cell 

membrane of hematopoietic cells and are important for homing [45]. Hyaluronic acid 

chains from the ECM have been shown to bind to HPCs [46].  

Non-collagenous glycoproteins like fibronectin, laminin, hemonectin and 

thrombospondin are the most important ECM ligands for cell binding. These adhesive 

proteins are concentrated in distinct regions of the BM and are also expected to play 

an important role in the formation of hematopoietic microenvironments [50]. An 

overview of Cell Adhesion Molecules (CAMs) is shown in table 2. 
 

Table 2. CAMs present on hematopoietic cell-lines and CD34+ cells [51-54] 

CAM CD Ligands 
ICAM-1 CD54 LFA-1, MAC-1 
PECAM-1 CD31 PECAM-1, heparin, HS 
LFA-3 CD58 LFA-2 
VLA-4 (α4β1) CD49d/CD29 Fn, VCAM-1 
VLA-5 (α5β1) CD49e/CD29 Fn 
LFA-1 (α1β2) CD11a/CD18 ICAM-1, 2+3 
Vn receptor (αvβ2) CD51/CD61 Vitronectin 
L-Selectin CD62L GlyCAM-1, MAdCAM-1 
HCAM CD44 Collagen, hyaluronic acid 
Tsp receptor CD36 Collagen, thrombospondin 
Mac-1 (αmβ2) CD11b/CD18 Heparin and HS 
 CD45 Heparin and HS 
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Adhesion of HPCs to these adhesive proteins changes during differentiation [48]. The 

differences in adhesion are thought to be important in the formation of 

microenvironments for specific steps in the hematopoietic process [49]. The strength 

of adhesion and the expression of CAMs on HPCs also depend on the cell source [55], 

cell cycle phase [56] and treatments like cryopreservation, incubation with serum and 

the presence of cytokines and growth factors [57]. 

 

2. Approaches for in vitro hematopoiesis 

The in vitro culture of HPCs is an extensive and often reviewed subject [58-66]. After 

a short historical introduction this overview will be focused on cytokines and other 

additives for serum-free cultures of human mPB CD34+ cells. PB CD34+ cells are 

clinically the most used HPCs and their application would be improved by a system 

for controlled expansion and differentiation [67]. Finally, current methods employing 

mimicry of the bone marrow and the use of bioreactors will be discussed. For these 

last subjects all HPC cell types will be discussed, as well as serum- and stroma-

containing cultures. 

 

2.1. Historical introduction: Dexter cultures 

In the mid-1970s, Dexter and co-workers developed a murine long-term BM culture 

(LTBMC) system in which murine hematopoiesis could be maintained for several 

months on a pre-established stromal layer. Primitive cells proliferated and 

accumulated below the stroma layer and mature cells migrated through the stroma 

[68].  

The adaptation of Dexter’s system for use with human cells was first reported by 

Gartner and Kaplan in 1980. In these cultures the use of fetal bovine serum and horse 

serum was found to be required, but still these never obtained the cell proliferation or 

longevity observed in murine culture systems. Recombinant hematopoietic factors are 

often used in combination with serum and greatly improve the productivity of these 

systems. Due to the clinical and regulatory problems associated with xenogenic 

serum, it becomes more common to use serum-free media, which are commercially 

available [69].  
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2.2. The current state: conventional HPC cultures 

The influence of hormones, growth factors, chemokines, colony-stimulating factors 

and cytokines on maintenance, expansion and differentiation of HPCs is part of a 

highly complex system involving endocrine, paracrine, juxtacrine and autocrine 

regulation. Glands, stromal cells, HPCs, and differentiating cells secrete these 

substances [70, 71].  

The earliest discovered hematopoietic factors were called colony-stimulating factors 

(CSFs) as they led to the formation of specific cell colonies in culture. In addition to 

these, there is a growing list of other hematopoietic factors that influence HPC 

survival and expansion. A general overview of the most used factors can be found in 

table 3. 
 

Table 3. An overview of hematopoietic factors with relevant reviews or articles. 

Abbreviation Full name Reference: 
GM-CSF 
M-CSF 
G-CSF 

Granulocyte/Macrophage colony-stimulating factor 
Macrophage colony-stimulating factor 
Granulocyte colony-stimulating factor 

83 

- Dexamethasone and hydrocortisone 72, 73 
SCF Stem Cell Factor 74, 75 
FL Flk2/Flt3 ligand 76, 77 
IL-3 Interleukin-3 78 
IL-6 Interleukin-6 79 
Tpo Thrombopoietin 80, 81 
Epo Erythropoietin 82 
SDF-1α Stroma-derived factor 1α 84, 85 
 

For optimal culture conditions a synergistic interaction between multiple cytokines at 

the right concentration is needed. The optimal concentration depends on cell activity 

and differentiation stage of the HPCs [86]. 

 

Expansion of HPCs 

FL and SCF receptors are expressed on primitive HPCs and both are involved in the 

regulation of the early stages of hematopoiesis. FL and SCF prevent apoptosis of early 

progenitor cells and work in synergy to stimulate proliferation [75]. SCF also 

synergizes with other factors (like Epo, IL-3, GM-CSF and G-CSF) to support colony 

growth of BFU-E, CFU-GM and CFU-GEMM. Moreover, SCF modulates the 

adhesive behaviour of HPCs [74].  

The function of IL-3 in HPC expansion remains controversial, though in serum-free 

conditions it appears to improve the ability of FL, SCF and Tpo to stimulate 
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proliferation of primitive cells [78]. Tpo regulates the expansion and maturation of 

megakaryocytes, but also enhances the survival and proliferation of primitive 

hematopoietic cells, either directly or in synergy with other early-acting factors [81].  

The highest expansion of human PB CD34+ cells, using both stroma- and serum-free 

conditions, was obtained by Herrera et al [87]. Serum-free medium (X-VIVO 15, 

containing human serum albumine (HSA), insulin and transferrin) with SCF, FL, IL-3 

and Tpo was supplemented with bovine serum albumin (BSA), L-glutamine, 2-

mercaptoethanol, penicillin and streptomycin. In 6 days of cell culture this led to a 

CD34+ expansion of 6 times. Total cell expansion was also 6-fold and CFUs 

expanded 2 times.  

When IL-6 was also included in the serum-free medium, the CD34+ expansion was 18 

times, total cell expansion 20 times and CFU expansion 19 times. However, extensive 

CD34+ amplification (more than 8-fold) resulted in loss of engraftment potential in 

NOD/SCID mice. These results are summarized in table 4. 
 

Table 4. Expansion of PB CD34+ cells reported for two different cytokine combinations and their 

NOD/SCID engraftment capacity [87] 

 
Cytokines 

TVC 
expansion 

CD34+ 
expansion 

CFU 
expansion 

NOD/SCID 
engraftment 

SCF, FL, IL3 and TPO 6x 6x 2x yes 
SCF, FL, IL3 and TPO + IL6 20x 18x 19x no 
TVC expansion: total viable cell expansion 

SDF-1α plays an important role in the processes of HSC homing, mobilization and 

retention in the microenvironments [84]. SDF-1α has been reported to increase [89] 

and to have no influence on the expansion of CFU numbers [85]. Serum-free culture 

of CB CD34+ cells using media with SDF-1α (or a small peptide analogue [88]) has 

also been reported to enhance engraftment [85].  

 

Differentiation of HPCs into the erythroid lineage 

There are several multi step approaches for in vitro erythropoiesis. A good serum-free 

cell expansion (34-fold with 4-fold CD34+ expansion after 1 wk) combined with 

erythroid differentiation was achieved by first expanding CD34+ cells into CD36+ 

erythroid progenitors (65%, see table 2.5 first column for composition of the culture 

medium). The CD36+ cells were subsequently isolated with a MACS system and 

cultured for 3 days in medium with 2 U/ml Epo, resulting in dramatic cell 

proliferation (152-fold expansion) with 98% of the cells CD36+ and 40% also 
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Glycophorin-A positive (GpA+). Additionally, after one week enucleation was 

observed [90]. 

Recently, even higher expansion factors were reported employing a three-step serum-

free culture protocol [91, 92]. The composition of the media employed in the first step 

is listed in the second column of table 2.5. During the second and third step the cells 

were cultured on a stroma (or MSC) layer, with SCF, Epo and IGF-1 in the second 

step and Epo and IGF-1 in the third [91], or with only Epo in the second step and no 

factors added in the third [92]. The latter culture protocol resulted in a 2-fold 

expansion of erythroid CFUs and a 1000-fold total viable cell expansion during the 

first week of which >95% were erythroblasts. [92].  

A single step serum-free 3 weeks culture protocol to produce enucleated erythrocytes 

has been reported, yielding ca 90-95% erythroid cells of which 10-40% were 

enucleated. However, this only resulted in enough cells for characterization and 

therefore expansion factors were not mentioned. Macrophages were essential for 

enucleation, since this occurred around erythrocyte-macrophage associations [93]. 

The medium used in this study is listed in the third column of table 5. 
 

Table 5. Cell culture serum-free media compositions for the expansion of erythroid progenitors 

Freyssinier et al [90] Giarratana et al [92] Malik et al [93] 
5% BSA 1% BSA 1% BSA 
50 μg/ml insulin 10 μg/ml insulin 10-4 mol/l 2-mercaptoethanol 
1 mg/ml transferrin 120 μg/ml transferrin 10-6 mol/l hydrocortisone 
100 U/ml penicillin-
streptomycin 

900 ng/ml ferrous sulfate 100 U/ml penicillin-
streptomycin 

2 mmol/l L-glutamine 90 ng/ml ferric nitrate 2 mmol/l L-glutamine 
10 ng/ml rh IL-3 10-6 mol/l hydrocortisone 10 U/ml rh Epo 
10 ng/ml rh IL-6 100 ng/ml SCF 0.001 ng/ml rh GM-CSF 
25 ng/ml rh SCF 5 ng/ml IL-3 0.01 U/ml rh IL-3 
 3 U/ml Epo  
 

Most of these protocols include cell isolation or medium changes in between the 

different steps of the culture procedure. In a bioreactor system the media could be 

exchanged without disturbing the cell in culture. 

 

2.3. The current state: biomimetic HPC cultures 

Mimicry of the BM environment is a promising strategy to improve the maintenance 

and expansion of HPCs. There are several reports that claim improved HPC expansion 

by using either biomimetic two-dimensional or three-dimensional static culture 

systems or a three-dimensional system in a bioreactor.  
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Many reviews have been written about BM mimicry and bioreactors for in vitro HPC 

culture [94-100]. All reports on static and bioreactor systems for BM mimicry will be 

discussed, but not all types of bioreactors. Omitted are airlift reactors and hollow fiber 

reactors, due to very poor results [101, 102] and rotating wall vessel (RWV) 

bioreactors due to negative effects on erythropoiesis [103, 104]. Although stirred 

suspension reactors are the most investigated systems for HPC culture [105-110], 

these are also not discussed since they do not allow mimicry of the BM. Bioreactor 

and biomimetic systems will be discussed according to the material employed in the 

study. 

 

Synthetic Polymers 

The earliest reports on biomimetic HPC culture concerned a perfused nylon mesh 

with a pre-established stroma layer for murine and rodent HPCs [111]. More recently 

polyesters were used after surface modification. These materials were NaOH 

hydrolyzed poly(ethylene terephthalate) (PET) non-wovens [112] and plasma-treated 

Fibra-cell non-wovens [113-117]. In both systems serum-containing media were used. 

The PET scaffold could maintain CFUs for 8-10 weeks without the use of additional 

cytokines or a pre-established stroma layer [112]. The Fibra-cell scaffold was used for 

the culture of murine BM cells and these showed a 5 times increase in CFU-GEMM 

cells, while on a similar two-dimensional system the amount of these CFUs decreased 

[115]. 

A flat-bed bioreactor developed by Koller et al, in which serum-containing medium 

flows slowly over the culture bed with a pre-grown stroma layer, was used for the 

culture of human BM MNCs and resulted in an LTC-IC expansion of 3-10 times 

[118-124]. Aastrom Biosciences Inc. owns a number of patents covering this 

approach. Several synthetic polymers were investigated as material for this flat-bed 

bioreactor. The materials that supported PB CD34+ cell cultures near the level of 

polystyrene (PS) are listed in table 6.  Polycarbonate gave similar results compared to 

PS, but when reused the performance decreased dramatically. 
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Table 6. Cell survival on non-ECM materials, expressed as percentage relative to PS [125] 

Material Total cells (%) CFU-GM (%) 
Polystyrene (PS) 100  100 
Polymethylpentene (PMP) 93 ~ 40 
Polyacetonitrile-methacrylate (Barex) 72 70 
Cellulose acetate 93 ~ 65 
Teflon perfluoralkoxy (PFA) 99 98 
Titanium 83 88 
Tissue culture polystyrene (TCPS) 106 117 
 

Aastrom Biosciences also investigated the performance of commercial and custom-

made cell culture materials. The best performance was found using glow of corona 

discharge surface modified PS (TCPS) [126].  

 

Collagen type I 

The ECM component collagen is often used as material in biomimetic HPC cultures 

employing various culture conditions. Collagen is often used since it can be applied as 

a coating or processed into structures with different morphologies.  

It was used as coating for porous polyvinyl Formal (PVF) scaffolds in static HPC 

cultures. These scaffolds were used to investigate the effect of pore size on total cell 

expansion. For murine BM cells the optimal average pore size was found to be 130 

μm. An average pore size of 60 μm gave the largest expansion but also difficulties in 

collecting the cultured cells [127]. These cells were cultured for up to 6 weeks after 

which mainly cells of the granulocyte and macrophage lineage were obtained [127, 

128]. 

Porous collagen beads (Cellex) were used in a static serum-containing culture of CB 

CD34+ cells [129]. The presence of these beads did not influence total cell or CD34+ 

cell expansion. After 9 days the CFU content in the culture containing beads was 

slightly higher compared to the same culture without beads. This static culture system 

with porous beads produced cells with a higher capacity to engraft sub-lethally 

irradiated NOD/SCID mice [129]. Similar collagen beads have been added to serum-

containing stirred suspension cultures of BM MNCs, but this did not influence cell 

(total, CD34+ and CFU) expansion [130].  

Collagen beads, with a pre-grown murine stromal cell-line, were used as a packed bed 

and in suspension. The fixed system was optimized for the culture of CB CD34+ cells. 

This resulted in a MNC expansion of 100 times, a CFU-GM expansion of 114 times 
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and a primitive CFU expansion of 15 times [131, 132]. Similar collagen beads with 

stromal cells were used in a packed bed system as illustrated in figure 8 [133-135].  

 

 

 

 

 

 
 

 

 
Figure 8. Schematic drawing of the bioreactor used by Wang et al [133] 
 

This perfusion reactor was used for the culture of whole BM with serum-containing 

medium. The system supported the multi-lineage production of both murine [133, 

134] and human blood cells [135] for at least one month.  

Collagen sponges were also investigated as scaffold for BM culture systems. 

Glowacki et al investigated the influence of medium perfusion on stromal cell growth 

in collagen sponges. They found greater cellularity and ECM formation in perfused 

sponges and were able to grow cells from a hematopoietic cell line (CRX-1) on the 

stroma matrix. These cells did not survive without the stroma layer [136]. 

Coculture with stromal cells was also performed with gelatin-coated glass 

microcarriers in a perfused fixed-bed bioreactor. After 8 days of culture of human CB 

MNCs in serum-containing medium, the early progenitors CFU-GEMM and later 

progenitors CFU-GM and BFU-E expanded up to 4, 7 and 2 times, respectively [137]. 

Progenitor expansion without stromal cells was achieved with porous gelatin beads 

(Cultisphere-G). These supported a higher CFU content during the whole period of a 

10 days static serum-free culture of CB MNCs [138]. Moreover, these beads were 

used in a stirred system after pre-seeding the beads with stromal cells. With this 

system a CD34+ cell expansion of about 10 times and a CFU expansion of 23 times 

was achieved after 12 days. This was three times higher than with a comparable two-

dimensional system [138]. 

The results of the reports discussed above are summarized in table 7. These cell 

expansions are difficult to compare to the results obtained with conventional systems 

as discussed in paragraph 2.2, since none of the biomimetic studies used PB cells and 

Pump 

Medium reservoir 

Reactor Collagen microbeads 

Ultra filtration membrane 
MWCO 12000-14000
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most of the culture media contained serum. The use of stroma and serum usually leads 

to higher expansion ratios [139]. The use of CB instead of PB HPCs also contributes 

to higher expansion ratios, since CB HPCs expand easier [140, 141].  
  

Table 7. Overview of the conditions and results for the culture of human hematopoietic cells 

using porous collagen or gelatin beads as biomimetic environment. 

Ref.  System Cells Stroma Serum Results 

129* Static CB CD34+ No No 12d: 8-11 x CD34+ 
138# Static CB MNC No Yes 8 d: 2x CFU 
138# Stirred CB CD34+ Yes No 7d: 13x CD34+ & 22x CFU  
130* Stirred BM Yes Yes 4 wk: 7x LTC-ICi & 22x CFU 
135 Perfused  BM Yes Yes >5 wk erythroid production 
132 Perfused CB CD34+ Yes Yes 10 d: 6x CAFCii & 114x CFU-GM 
137 Perfused CB CD34+ Yes Yes 2 wk: 4x CFU-GEMM & 2x BFU-E 
* In these systems the expansion results of cultures without beads were the same. 
# In these systems the expansion rates obtained using three-dimensional conditions were higher than for 
similar two-dimensional situations. 
i Long-term-culture initiating-cells (LTC-ICs) are very primitive HPCs, which after differentiation on 
stroma can be characterized with a CFU assay.  
ii Cobble-stone-area-forming cells (CAFCs) are primitive cells that form colonies below a stroma layer. 
 

Other proteins and glycoproteins 

The adhesion ligand Fibronectin (Fn) was coated on Cellfoam™ structures consisting 

of a tantalum-covered porous carbon matrix. These were seeded with human BM 

CD34+ cells and cultured with serum-containing medium without additional 

cytokines. This scaffold allowed the culture of HPCs up to 6 weeks. After 1 week the 

number of CD34+ cells increased 1.5 times using the scaffold, while it decreased on 

Fn-coated surfaces and was only maintained on a stroma surface [142]. The addition 

of cytokines to the three-dimensional system led to larger expansion of CD34+ cells 

compared to the two-dimensional equivalents [143, 144]. Binding to Fn is not only 

important for homing and engraftment [145] but the activation of its CAM is also an 

important signal, that ‘cross-talks’ with that of cytokines [146-149], to support cell 

survival and proliferation [150, 151].  

Besides adhesion ligands also signaling ligands like Jagged-1 can be immobilized on 

a surface to influence HPC behavior. The stimulation of the Notch receptor on murine 

BM cells with immobilized Jagged-1 increased their proliferation, while stimulation 

with Jagged-1 in solution decreased proliferation [152]. The chemokine SDF-1α 

coated onto a surface stimulated adhesion of human CD34+ cells to co-immobilized 

adhesion proteins [153].  
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Glycosaminoglycans 

As discussed in paragraph 2.1.3, proteoglycans and their GAG side chains are 

investigated for their role in binding and co-localization of hematopoietic factors with 

HPCs. HS and heparin are the most studied GAGs [154, 155]. Heparin is not present 

in the BM ECM, but is often used as model material for HS. 

GAGs immobilized on chitosan membranes have been studied as substrate for CB 

CD34+ cells. The use of chondroitin sulfate B and heparin-coated surfaces led to a 20 

to 30-fold expansion of CD34+ cells, while on the chitosan surface the HPCs only 

expanded 10 times [35].  

Cytokines pre-adsorbed to immobilized GAGs have been used to study the effect of 

surface presentation and release. SDF-1α pre-adsorbed onto PGs on stromal cell lines 

improved the adhesion of KG-1a cells, which was reduced by GAG degrading ezymes 

[41]. Pre-adsorption of GM-CSF and IL-3 to HS-coated collagen [37] and HS-

containing Matrigel [38] surfaces resulted in proliferation of cultured hematopoietic 

cell lines.  

 

3. Concluding remarks 

In adults the bone marrow is the principal site where the hematopoietic system 

produces blood cells. It is thought to contain niches in which HSCs are localized in a 

specific microenvironment. In their niche the cells interact with stromal cells, ECM 

components and hematopoietic factors like cytokines. ECM components can also 

interact with hematopoietic factors and present these to the HPCs.  

In this chapter, the structure and components of the BM were introduced. 

Subsequently, serum- and stroma-free expansion of PB CD34+ cells and in vitro 

erythropoiesis were reviewed. The overview of biomimetic and bioreactor HPC 

cultures showed that collagen is a suitable material for HPC culture in static and 

bioreactor systems. Collagen type I is an important component of the bone marrow 

ECM and can be processed into different morphologies to form a two- or three-

dimensional structure suitable for cell culture. Additionally, chemical modification 

allows the immobilization of compounds present in the microenvironments of the 

bone marrow. This can be done with GAGs, since these play an important role in 

hematopoietic niches by binding and release of hematopoietic factors. A bioreactor 

containing these modified collagen structures could facilitate large scale HPC 

expansion. 
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Abstract 

A system to achieve proliferation and controlled differentiation of hematopoietic stem 

and progenitor cells (HSCs and HPCs) is of great clinical interest and provides a 

model to investigate hematopoiesis. 

Here we present a substrate for the culture of CD34+ HPCs consisting of a crosslinked 

collagen film with covalently bound heparin. Type I collagen films were crosslinked 

and subsequently heparinized, both by using a water-soluble carbodiimide. Heparin 

was immobilized to an extent of 23 ± 4 μg per mg of collagen film.  

CD34+ HPCs were cultured on heparinized and non-heparinized crosslinked collagen 

films. Total cell numbers (the sum of adherent and non-adherent cells) only increased 

using heparinized films, on which a 5-fold expansion of the cell population was 

obtained after 2 wks. Heparinization of the films was also essential for expansion of 

colony-forming units (CFUs), both among cells adhering to the film and non-adhering 

cells. CFUs mainly expanded in the erythroid lineage. 

Heparinized collagen can subsequently be processed into a three-dimensional 

microenvironment, loaded with hematopoietic factors and used in a bioreactor for 

hematopoietic cell culture.  

 

 

1.  Introduction 

The in vitro expansion and controlled differentiation of hematopoietic stem and 

progenitor cells (HSCs and HPCs) is of great interest for application in bone marrow 
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(BM) transplantation. Mimicking the BM environment in a bioreactor system is 

expected to improve HSC and HPC expansion and provide a model to investigate the 

mechanisms of hematopoiesis and processes such as stem cell mobilization and 

homing. There are several reports that claim good HPC expansion by using a 

bioreactor [1-8] or a three-dimensional culture system [9,10]. 

In adults the BM is the principal site where the hematopoietic system produces blood 

cells. It is accepted that the BM contains niches in which HSCs are localized in a 

specific microenvironment [11,12]. In their niche the cells interact with stromal cells, 

extracellular matrix (ECM) components and cytokines. This environment can be 

mimicked using a bioreactor system in which a porous structure, e.g. collagen, 

provides the three-dimensional surroundings for the stem cells. This substrate can be 

chemically modified in order to further mimic the ECM of the BM. 

Collagen type I is an important component of the BM ECM. It can be processed into 

different structures suitable for cell culture. Additionally, collagen can be chemically 

modified with compounds present in the microenvironments of the BM. This can be 

done with glycosaminoglycans (GAGs), since these are important in keeping the 

ECM in a hydrated state and play an important role in chemokine function [13-18]. 

Here we investigated crosslinked type I collagen films, either heparinized or not, as 

culture substrates for HPC adhesion, expansion and differentiation. Heparin was used 

as a model compound for the GAGs present in the BM.  

 

 

2.  Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Collagen film preparation 

Collagen dispersions were prepared from type I insoluble collagen derived from 

bovine achilles tendon. The collagen (1 g) was swollen overnight in 0.05 M acetic 

acid solution (50 ml) at 4 ˚C. The mixture was dispersed with 50 g crushed ice for 4 

min in a Philips blender and subsequently homogenized for 30 min at 4 ˚C using an 

Ultra-Turrax T25 (IKA Labortechnik, Staufen, Germany). The resulting slurry was 
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filtered through a 20 denier nylon filter (average pore size 30 μm) and a 25 μm filter 

(Cellector screen, Bellco, Feltham, UK) mounted in a disc filter holder. After 

degassing at 0.1 mbar the suspension was cast onto a poly(ethylene terephthalate) 

(PET) plate using a casting knife. The films were allowed to dry for 1 wk in a laminar 

flowhood. 

Subsequently, these films were crosslinked using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC; Fluka, Buchs, Switzerland) and N-

hydroxysuccinimide (NHS) [19]. The scaffolds were first incubated in 2-

morpholinoethane sulfonic acid (MES) buffer (0.05 M, pH 5.5) for 30 min at room 

temperature. The samples were then transferred to the crosslinking solution, 

containing 2.3 g EDC and 0.56 g NHS in 215 ml MES-buffer per g of collagen (molar 

ratio of EDC/NHS = 2.5). After 2 h incubation under gentle shaking, the films were 

placed in a 0.1M Na2HPO4 (Merck, Darmstadt, Germany) solution for 2 h to stop the 

reaction and then rinsed with demineralized water for three times 30 min.  
 

2.3. Heparin immobilization 

Crosslinked collagen films were subsequently heparinized. The films were first 

incubated in MES buffer (0.05 M, pH 5.6) for at least 30 min at room temperature. 

The carboxylic acid groups of heparin (from porcine mucosa, MW 6000-30000, 

activity>160 IU/mg) were pre-activated for 10 min. This was done by means of 0.43 g 

EDC and 0.16 g NHS in 188 ml of a 2 (wt)% heparin solution in MES-buffer  [19]. 

The crosslinked collagen (1 g) was heparinized for 2 h in the EDC/NHS-activated 

heparin solution. Subsequently, the reaction was terminated by immersion of the films 

in 0.1 M sodium phosphate. The heparinized films were then washed in 2 M NaCl (24 

h), 4 M NaCl (4 times 24 h) and MilliQ water (3 times 24 h). 
 

2.4. Characterization of films 

The shrinkage temperature (Ts) of (crosslinked) collagen was determined using 

Differential Scanning Calorimetry (DSC). This temperature, at which the collagen 

sample undergoes thermal denaturation, is used as a measure of the crosslink density 

[20]. Before measuring, samples of 5-10 mg were swollen overnight in 50 μl of 

phosphate buffered saline (PBS, B. Braun Medical, Oss, The Netherlands) in high-

pressure capsules. The DSC thermogram was recorded on a DSC 7 (Perkin Elmer, 
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Wellesley, USA). Samples were heated from 20 ˚C to 90 ˚C at a heating rate of 10 

˚C/min. A sample containing 50 μl of PBS was used as a reference.  

The residual number of free primary amino groups in (crosslinked) collagen was 

determined spectrophotometrically after reacting with 2,4,6-trinitrobenzenesulfonic 

acid (TNBS; Fluka, Buchs, Switzerland) [21]. 

The heparin content of the films was determined by a colorimetric method based on 

the binding of toluidine blue [22]. A standard curve was prepared by mixing 0.5 ml of 

known heparin solutions and 0.5 ml of 0.15 mg/ml toluidine blue solution in water at 

room temperature. After adding 1 ml of cyclohexane and vortexing, the organic layer 

with the associated toluidine blue-heparin complex was removed by aspiration and the 

absorbance of the aqueous layer was measured at 630 nm. Samples (1 mg) of 

heparinized crosslinked collagen films were incubated overnight at room temperature 

in 1 ml of a 0.075 mg/ml toluidine blue solution. Subsequently, the absorbance of the 

solution was measured at 630 nm. 
3H-labelled heparin sodium salt (from porcine mucosa, MW 3000-30000, 

activity=195 IU/mg, Bufa Chemie, Uitgeest, The Netherlands) was also used to 

determine the heparin content of the structures. This heparin was tritiated using the 

method of Hatton et al. [23] and had an activity of 21 kBq/mg with a free label 

content of less than 3 % as determined by gel filtration using a PD10-Sepharose 

column (Pharmacia, Upsala, Sweden).  

For quantification of the amount of immobilized heparin the samples were 

heparinized with the tritiated heparin as described for unlabelled heparin. The samples 

were dissolved in Luma Solve (2 ml, Lumac, Olen, Belgium) for 24 h at 60 ˚C. After 

addition of the scintillation cocktail (19 ml, Optiphase HiSafe 3, Wallac, Milton 

Keynes, UK) the radioactivity of the samples was measured using a 1410 Winspectral 

liquid scintillation counter (Wallac, Türku, Finland). The amount of immobilized 

heparin was calculated from the specific activity of the tritiated heparin. 

To determine the amount of IL-3 adsorbed to the films from cell culture medium, 

circular crosslinked collagen films (d=15 mm) with and without immobilized heparin 

were fixed in the wells of a 24-well tissue culture polystyrene (TCPS) culture plate 

(Corning, NY, USA) with Viton O rings. These films were incubated overnight at 

37ºC in a solution of penicillin (200 U/ml) and streptomycin (200 μg/ml; both from 

Gibco BRL, Paisley, UK). After rinsing 3 times with PBS, 0.5 ml of culture medium 

(see below) was added to the wells. After overnight incubation at 37ºC the 
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concentration of IL-3 in the medium was determined using an ELISA (Quantikine, 

R&D systems). 
 

2.5. Hematopoietic cell culture  

Circular crosslinked collagen films (d=15 mm) with and without immobilized heparin 

were rinsed with 70 % ethanol. The films were fixed with Viton O rings in the wells 

of a 24-well tissue culture polystyrene culture plate and incubated overnight at 37 ˚C 

in a solution of 200 U/ml penicillin and 0.2 mg/ml streptomycin.  

Human CD34+ cells isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood were obtained from 

Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and cultured in a serum-free medium 

consisting of IMDM (with GlutaMAX I, Gibco), 1 (wt)% Bovine Serum Albumine 

(BSA), 100 U/ml penicillin, 0.1 mg/ml streptomycin, 10 μg/ml recombinant human 

insulin, 200 μg/ml human partially iron-saturated holo-transferrin, 10 ng/ml TPO, 10 

ng/ml IL-3, 100 ng/ml SCF, 50 ng/ml Flt3/Flk2-ligand. All four cytokines were from 

recombinant human origin (R&D systems, Minneapolis, USA). The cells were seeded 

by adding 0.5 ml of a cell suspension with a density of 1·105 cells/ml onto the 

heparinized and non-heparinized crosslinked collagen films. Wells with Viton O rings 

but no films were also seeded and used as control. The cells were cultured at 37 ˚C in 

a humidified 5 % CO2 atmosphere. Half of the medium was exchanged twice a wk. 

During cell culture 2 cell fractions were obtained. The cells that did not adhere to the 

films were removed by gentle pipetting. The adhering cells were obtained after rinsing 

the surfaces with PBS containing 1 (wt)% BSA and subsequent incubation in Cell 

Dissociation Solution (CDS) for 20 min at room temperature. 

Flowcytometric phenotyping was performed using anti-CD45-FITC, anti-CD34-PE 

and 7AAD vitality dye (all from Immunotech, Marseille, France). Isotype-identical 

antibodies were used as control and for quantification Flow-Count beads were added 

to the samples. Cells were counted and analyzed using a Cytomics FC500 flow 

cytometry system (Beckman Coulter, Fullerton, USA). Moreover, differentiation was 

evaluated by Colony Forming Unit (CFU) assays. For CFU analysis, samples 

containing 103 cells were taken from the HPC cultures, subsequently cultured in 

MethoCult (StemCell Technologies, Meylan, France) and scored after 2 wks. The 
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number of CFUs adhering to the heparinized and non-heparinized crosslinked 

collagen films as well as the number of non-adherent CFUs were determined. For 

quantification of the adherent CFUs, the cells were first removed from the films using 

CDS. 
 

2.6. Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 3 experiments 

performed in duplicate. Statistical analyses were performed using an unpaired two-

tailed t-test. Results were considered significantly different at p values < 0.1. 

 

3.  Results  

3.1. Heparinized crosslinked collagen film preparation 

Collagen films with a thickness of 50 μm were obtained. Crosslinking with EDC and 

NHS resulted in a decreased number of free primary amino groups while the 

shrinkage temperature increased. At the described conditions the number of free 

amino groups decreased from 27 to 16 per 1000 amino acid residues. The shrinkage 

temperature increased from 59 ˚C for uncrosslinked collagen to 76 ˚C for the 

crosslinked films. These results are in agreement with data previously reported by 

Wissink et al [19]. 

The toluidine blue assay indicated that 23 ± 4 μg heparin was immobilized per mg of 

collagen. This was confirmed by using radio-labelled heparin, of which 26 ± 3 μg was 

immobilized per mg of collagen. Toluidine blue was used for further measurements. 

Staining was observed throughout the thickness of the films, indicating that heparin 

was immobilized both on the surface and in the bulk of the film. These results also 

correspond to previously reported data [13]. 

Adsorption of IL-3 onto heparinized and non-heparinzed crosslinked collagen films 

during overnight incubation with 0.5 ml culture medium containing 10 ng/ml IL-3, 

decreased the IL-3 concentration in the culture medium in contact with these films 

with 4.1 ± 0.6 and 4.8 ± 0.6 ng/ml, respectively. Heparinized films subsequently 

released about 164 pg of the adsorbed IL-3 into cytokine-free culture medium during 

1 d, while non-heparinized films released 8 times less IL-3 into cytokine-free culture 

medium (data not shown). This indicates that a part of the adsorbed IL-3 was 

reversibly bound to the heparinized film, while the remaining IL-3 was probably 

strongly adsorbed to the crosslinked collagen. 
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3.2. Adhering cells during cell seeding 

One h after seeding CD34+ enriched (>90  %, on average 95 %) hematopoietic 

progenitor cells onto crosslinked and heparinized crosslinked collagen films, the 

viability of the non-adhering cells was not changed (on average 84 %).  The viability 

of the adhering cells, however, was lower. On heparinized crosslinked collagen films 

the average viability of adhering cells 1 h after seeding was 77 % while on crosslinked 

collagen and TCPS this was even lower (60 and 63 %, respectively). The lower 

viability could partially be due to the procedure used to remove the cells from the 

surface. 

The number of viable cells adhering to the heparinized crosslinked collagen surfaces 

and among these the number of CD34+ progenitor cells were both significantly higher 

than the amount of these cells adhering to crosslinked collagen and TCPS (figure 1). 

 

Figure 1. Number of viable cells (7AAD- and CD45+) and CD34+ hematopoietic progenitor cells (7AAD-, 

CD45+ and CD34+) adhering to the surfaces 1 h after seeding, determined from three independent 

experiments performed in duplicate (± S.E.M.). * Indicates a significant difference compared to both 

crosslinked collagen films and TCPS surfaces.  
 

On heparinized crosslinked collagen 11 % of the seeded cells adhered to the surface 

and on crosslinked collagen and TCPS this value was 7 %.  From the total CD34+ cell 

population 9% adhered to the heparinized crosslinked collagen films, while 3-6 % 

adhered to TCPS and the crosslinked collagen films.  
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3.3. Adhering cells during cell proliferation 

The number of cells adhering to the surfaces increased during cell culture, except for 

the cells on crosslinked collagen (figure 2).  

 

 

Figure 2. Number of: A. viable cells (7AAD- and CD45+) and B. viable CD34+ cells (7AAD-, CD45+ and 

CD34+) adhering to the surfaces during cell culture, determined from 3 independent experiments performed 

in duplicate (± S.E.M.). 
 

During 2 wks of cell culture the number of viable cells adhering to the surface as 

percentage of the total population remained constant at about 11 % for heparinized 

crosslinked collagen and 7 % for non-heparinized crosslinked collagen. On TCPS the 

number of viable cells adhering to the surface as percentage of the total population 

decreased to 3-5 %. 

The number of CD34+ cells adhering to the surfaces only increased during cell culture 

on TCPS (figure 2B). After 2 wks the initially lower number of CD34+ cells adhering 

A 

B 
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to TCPS was similar to the numbers adhering to heparinized crosslinked collagen 

films. The number of CD34+ cells adhering to the surfaces as percentage of the total 

CD34+ cell population was about 3-4 % for heparinized crosslinked collagen and 10-

15 % for non-heparinized crosslinked collagen. On TCPS the number of CD34+ cells 

adhering to the surface as percentage of the total CD34+ cell population increased 

from 9 to 16  %. 

The average viability of adhering cells remained constant during 2 wks of cell culture, 

around 70 % for the cells adhering to heparinized crosslinked collagen and 60% for 

the cells adhering to TCPS and crosslinked collagen. 

Films with 34 instead of 23 μg heparin per mg of collagen had 1.5 times more cells 

and even 2 times more CD34+ cells adhering to the films during the 2 wks of cell 

culture (data not shown). 
 

3.4. Hematopoietic cell proliferation during two weeks 

In the HPC cultures using heparinized crosslinked collagen films and TCPS the total 

(adherent and non-adherent) viable cell population expanded, while in cultures using 

non-heparinized films there was no proliferation (figure 3A).  

During 2 wks the total number of CD34+ cells remained the same on TCPS, but 

decreased on the heparinized and non-heparinized crosslinked collagen films (figure 

3B). The total number of CD34+ cells in cultures using heparinized films decreased 

slower compared to the numbers in cultures using crosslinked collagen films, 

indicating an improved environment for the maintenance of these cells.  
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Figure 3. Total number (adherent and non-adherent) of: A. viable cells (7AAD- and CD45+) and B. viable 

CD34+ cells (7AAD-, CD45+ and CD34+), determined from 3 independent experiments performed in 

duplicate (± S.E.M.). 
 

The viability of non-adhering cells remained stable around 70 % during 2 wks of cell 

culture, except for the viability of cells on crosslinked collagen films, which 

decreased to almost 40 % during the first wk of culture and then recovered to 60 %.  

Using crosslinked collagen films with a higher heparin content (34 instead of 23 μg 

heparin per mg of collagen) did not influence the total viable cell or CD34+ expansion 

(data not shown). 
 

3.5. Colony forming cells during two weeks of culture 

The number of CFUs present among 103 non-adhering cells increased 3-fold during 

the first days of cell culture using TCPS and heparinized crosslinked collagen (table 

1). During cell culture using crosslinked collagen films without heparin, the amount 

of CFUs present among the non-adhering cells decreased to negligible numbers.   
 

B 

A 
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Table 1.  Colony-forming units (CFUs) per 103 cells obtained at day 4 from non-adhering cells.  

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Initial cell batch* 4 34 0 50 88 

TCPS 1 59 9 27 95 
Heparinized collagen 2 109 21 82 213 

Non-heparinized 
collagen 0 3 1 1 6 

* Cells from the same cell batch as used in the cell cultures on the different substrates but immediately seeded into MethoCultTM. 
 

For the cell cultures using TCPS, the amounts of CFUs among the non-adhering cells 

were 2 to 4 times lower compared to the numbers in cell cultures using heparinized 

crosslinked collagen (tables 2 and 3). 
 

Table 2. Colony-forming units (CFUs) per 103 cells obtained from non-adhering cells when using TCPS. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 0* 4 34 0 50 88 
Day 4 1 59 9 27 95 
Day 7 0 19 13 9 41 
Day 14 0 3 15 6 23 

* Cells from the same cell batch as used in the cell cultures on the different substrates but immediately seeded into MethoCultTM. 
 

Table 3. Colony-forming units (CFUs) per 103 cells obtained from non-adhering cells when using 

heparinized crosslinked collagen. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 0* 4 34 0 50 88 
Day 4 2 109 21 82 213 
Day 7 0 24 36 83 143 
Day 14 0 14 71 16 102 

* Cells from the same cell batch as used in the cell cultures on the different substrates but immediately seeded into MethoCultTM. 
 

Differentiation mainly took place in the erythroid lineage and continued during the 2 

wks of cell culture. This is shown by the continuous increase in CFU-E numbers 

during cell culture using heparinized crosslinked collagen films (table 3). 

The amount of CFUs among the non-adhering cells during 2 wks of cell culture was 

comparable using crosslinked collagen films with a higher heparin content (34 instead 

of 23 μg heparin per mg of collagen).   

The cell fractions adhering to TCPS and heparinized crosslinked collagen contained 

CFUs (tables 4 and 5). These were mainly of the erythroid lineage. At 2 wks about 10 

% of the total amount of CFUs in the culture adhered to heparinized crosslinked 

collagen films. On crosslinked collagen no significant amount of CFUs adhered. 
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Table 4.  Colony-forming units (CFUs) per 103 cells obtained from cells adhering to heparinized crosslinked 

collagen. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 4 0 3 0 4 7 
Day 7 0 2 2 2 6 
Day 14 0 2 47 20 69 

 
 

Table 5.  Colony-forming units (CFUs) per 103 cells obtained from cells adhering to TCPS. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 4 0 3 2 0 5 
Day 7 0 3 6 1 10 
Day 14 0 0 15 4 19 

 
 

4.  Discussion 

Here we present a substrate for HPC culture, based on EDC and NHS crosslinked 

bovine type I collagen films. Crosslinked films were heparinized using the same EDC 

and NHS chemistry.  Heparin was used as model material for GAGs like heparan 

sulfate, which are thought to play and important role in the BM. Heparinization of 

crosslinked collagen films resulted in increased numbers of adhering and non-

adhering cells with a higher viability, improved maintenance of CD34+ progenitor 

cells and expansion of CFUs into the erythroid lineage. 

Upon cell seeding onto the heparinized and non-heparinized crosslinked collagen 

films, we found that a fraction of the cells adhered to the surfaces. When using 

substrates that mimic the BM in a perfused system the cells need to be retained, which 

could be achieved by cell adhesion. However, 1h after cell seeding only 11 % of the 

cells adhered to the heparinized surfaces. To the non-heparinized crosslinked collagen 

films only 7 % adhered. During 2 wks of HPC culture on the collagen substrates, the 

percentage of adhering cells remained the highest on the heparinized films (11 %). A 

higher heparin content of the films (34 instead of 23 μg heparin per mg of collagen) 

resulted in increased numbers of cells adhering to these substrates.   

Adhesion of HPCs to heparinized crosslinked collagen surfaces is in accordance with 

literature. Previous studies showed that GAGs, especially heparan sulfate and heparin, 

function as adhesion ligands for HPCs [15,25,26]. Mac-1 (CD11b/CD18) and CD45 

are reported to be adhesion molecules capable of binding to heparan sulfate and 

heparin [27]. Additionally, L-selectin and a phosphatidyl-inositol-linked adhesion 

molecule have been reported as adhesion molecules involved in hematopoietic cell 

binding to heparan sulfate [26,28]. Although cytokines are known to regulate the 
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processes of cell migration and adhesion [29,30], CD34+ cells can also directly adhere 

to several immobilized cytokines, including IL-3 [31]. Therefore, the increased 

adhesion of CD34+ cells to heparinized crosslinked collagen may also be explained in 

terms of cell adhesion to heparin-bound IL-3.  

During 2 wks of cell culture the total number of viable cells expanded 5-fold when 

using the heparinized crosslinked collagen substrates. The viability of the cells 

remained constant. During this period the total number of CD34+ cells decreased 

when using crosslinked collagen films, but heparinized collagen films showed a 

slower decrease compared to the non-heparinized films.  

Heparinization of crosslinked collagen could have improved the cell culture results by 

two mechanisms. First, the functioning of cytokines in the medium could have been 

improved by the binding of these cytokines by heparin. Stroma-derived immobilized 

heparan sulfate has been shown to improve the activity of IL-3 [24]. The addition of 

heparan sulfate to HPC cultures has been reported to increase the maintenance of 

primitive cells [14, 15,16]. These results were explained by the co-localization of 

heparin-binding cytokines and CD34+ cells as well as activation of the heparin-bound 

cytokines due to mechanisms like dimerization [15,16]. The poor performance of 

crosslinked collagen films can be explained by the strong adsorption of IL-3 to 

crosslinked collagen, which was probably accompanied by conformational changes in 

the cytokine. Heparinized crosslinked collagen also adsorbed a significant amount of 

IL-3. However, a part of the IL-3 bound to heparinized films was adsorbed reversibly, 

probably in a conformation that could stimulate HPC adhesion. 

Second, the higher numbers of adherent cells on heparinized crosslinked collagen as 

compared to non-heparinized collagen could have supported the expansion of non-

adherent primitive cells. The higher amount of adhering cells was probably caused by 

either direct binding of the cells to heparin or to heparin-bound IL-3, as discussed 

above. Though the number of adhering cells increased with increased heparin content, 

we did not find an improved HPC proliferation or maintenance.  

A CD34+ progenitor expansion using heparinized surfaces was not achieved in this 

system. In prior work, the CD34+ progenitor expansion (15-fold in 2 wks) on 

heparinized surfaces achieved by Madihally et al. was performed using cord blood 

progenitors [22]. The different stem cell source used could explain the different 

results, since cord blood progenitors are documented to have a greater expansion 
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capacity than the cells obtained from peripheral blood after mobilization by G-CSF 

treatment [34]. 

In conventional serum-free peripheral blood cell cultures, not using heparinized 

surfaces, the CD34+ expansion factors range from a temporary recovery or small 

expansion [34,35] to an expansion of 6 ± 2 times (medium supplemented with 100 

ng/ml FL and SCF, and 20 ng/ml TPO) and 18 ± 4 times (FL, TPO, SCF, 20 ng/ml 

IL-3 and 20 ng/ml IL-6) after 1 wk [36]. As claimed by these and other authors [37], 

the cells remain primitive only up to three divisions in vitro (8-fold expansion), as 

shown by the ability of the cells to engraft NOD/SCID mice.  These data show a large 

variety in expansion results, but also that the medium used in our experiments can still 

be optimised in order to achieve higher CD34+ cell expansion. In our case, the 

addition of IL-6 or more TPO to the medium is expected to give improved CD34+ 

expansion results. 

During 2 wks of cell culture the number of CFUs among 103 cells transiently 

expanded 3 times when using heparinized crosslinked collagen films, on which about 

10% of the CFUs adhered. Using TCPS as culture substrate, the number of CFUs in 

culture were 2 to 4 times lower compared to heparinized collagen. Since no decrease 

in viability was noted during cell culture on TCPS, the CFUs must have differentiated 

faster into cells not able to form colonies. Thus, CFUs remained more primitive in cell 

cultures on heparinized crosslinked collagen films compared to TCPS. The numbers 

of CFUs in cultures using non-heparinized crosslinked collagen surfaces were 

negligible. Almost no CFUs adhered to crosslinked collagen, though it has been 

reported that myeloid and erythroid CFUs adhere to collagen type I [32]. This could 

be due to the use of a cell-line (MO7) in that study, as cell-lines can have different 

adhesion behaviour [33]. 

In conclusion, heparinization of crosslinked collagen for HPC culture resulted in 

increased numbers of adhering and non-adhering cells and improved CD34+ 

maintenance. During 2 wks of culture CFUs expanded mainly into the erythroid 

lineage.  This heparinized surface can be loaded with cytokines and/or chemokines to 

further mimic the hematopoietic microenvironment. The chemistry employed to 

heparinize the surface can also be used to immobilize specific GAGs isolated from the 

BM. Moreover, before modification, collagen can be processed into different 

morphologies to provide a three-dimensional environment for the culture of HPCs. 
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Abstract 

A system to achieve proliferation and controlled differentiation of hematopoietic stem 

and progenitor cells (HSCs and HPCs) is of great clinical interest and provides a 

model to investigate hematopoiesis. Previously, we used heparinized crosslinked 

collagen films as substrates for serum-free HPC culture. Here, we pre-adsorb the 

heparin-binding chemokine stromal cell-derived factor-1α (SDF-1α) to these films to 

present or deliver this molecule to the cells cultured on these substrates.  

Using an SDF-1α concentration of 2.22 μg/ml, the adsorption of SDF-1α onto 

heparinized crosslinked collagen films was 25 ± 4 ng per mg of film, with a diameter 

of 15 mm and a thickness of 50μm, as compared to 18 ± 2 ng per mg onto non-

heparinized films. Both from heparinized and non-heparinized crosslinked collagen 

films, approximately 40 % of the adsorbed SDF-1α was released during 2 wks into 

culture medium, when employing half medium changes twice a wk.  

One h after seeding human CD34+ HPC from G-CSF mobilized peripheral blood, the 

number of adhering cells increased up to 2-fold as a result of SDF-1α pre-adsorption 

to the heparinized and non-heparinized crosslinked collagen films. Pre-adsorption of 

SDF-1α to the heparinized films resulted in a 2-fold increased adhesion of colony-

forming units (CFUs) to the surface at d 4 of the cell culture. Pre-adsorbed SDF-1α 

did not influence proliferation and differentiation of the CD34+ cells during 2 wks of 

culture.  
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These interactions between surface material, chemokine and cells may be further 

exploited to create an artificial three-dimensional environment that could be used in a 

bioreactor for hematopoietic cell culture. 

 

 

1.  Introduction 

The expansion and controlled differentiation of hematopoietic stem cells (HSCs) is of 

great interest for application in bone marrow transplantation. The use of a bioreactor 

system that mimicks the bone marrow environment is expected to improve the 

expansion of HSCs and progenitor cells (HPCs). Additionally, such a system provides 

a model to investigate the mechanisms of hematopoiesis and processes such as stem 

cell mobilization and homing. There are several reports that claim good stem cell 

expansion by using a bioreactor [1-8] or a three-dimensional culture system [9,10].  

In adults the bone marrow is the principal site where the hematopoietic system 

produces blood cells. It is generally accepted that the bone marrow contains specific 

microenvironments in which the HSCs interact with stromal cells, extracellular matrix 

(ECM) components and cytokines [11,12]. This environment can be mimicked by a 

porous structure that provides the three-dimensional surroundings for the stem cells. 

This substrate can be chemically modified in order to further mimic the ECM of the 

bone marrow. 

Collagen type I is a major constituent of the bone marrow ECM. Collagen can be 

processed into structures like films, beads and sponges, which are suitable as 

substrates for cell culture. Additionally, collagen can be chemically modified [13] 

with compounds present in the microenvironments of the bone marrow. This can be 

done with glycosaminoglycans (GAGs), since these are involved in keeping the ECM 

in a hydrated state and play an important role in chemokine function [14-19]. 

Previously, we demonstrated that CD34+ cells can be cultured on heparinized 

crosslinked collagen films. Heparin served as a model compound for the ECM 

component heparan sulfate. Heparinization improved CD34+ cell survival, and 

expansion of colony-forming units (CFUs) in the erythroid lineage. After 2 weeks 

total viable cell numbers were expanded 5-fold [20]. 

Heparin is known to bind stromal cell-derived factor-1α (SDF-1α) [21]. The binding 

of SDF-1α by heparan sulfates in the bone marrow is thought to facilitate HSC 

homing, adhesion and the development of the marrow in the bone [22-24]. 
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Additionally, this chemokine is produced by HSC-supporting osteoblasts [24] and is 

reported to play a role in the retention of erythroid progenitors in the bone marrow 

until they are released when mature [25].  

We hypothesized that SDF-1α pre-adsorbed onto a surface can be used for the 

retention of hematopoietic progenitor cells (HPCs), especially when used in a 

bioreactor. Moreover, the interactions between this chemokine, ECM components and 

HPCs can serve as a model for the bone marrow niches. Therefore, we investigated 

the influence of SDF-1α adsorption onto crosslinked and heparinized crosslinked type 

I collagen films on HPC adhesion, expansion and differentiation.  

 

 

2.  Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Collagen film preparation 

Collagen dispersions were prepared from type I insoluble collagen derived from 

bovine achilles tendon. Collagen (1 g) was swollen overnight in 0.05 M acetic acid 

solution (50 ml) at 4 ˚C. The mixture was dispersed with 50 g crushed ice for 4 min in 

a Philips blender and subsequently homogenized for 30 min at 4 ˚C using an Ultra-

Turrax T25 (IKA Labortechnik, Staufen, Germany). The resulting slurry was filtered 

through a 20 denier nylon filter (average pore size 30 μm) and a 25 μm filter 

(Cellector screen, Bellco, Feltham, UK) mounted in a disc filter holder. After 

degassing at 0.1 mbar the suspension was cast onto a poly(ethylene terephthalate) 

(PET) plate using a casting knife. The films were allowed to dry for 1 wk at ambient 

conditions in a laminar flowhood. 

Subsequently, these films were crosslinked using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC; Fluka, Buchs, Switzerland) and N-

hydroxysuccinimide (NHS) [13]. The scaffolds were first incubated in 2-

morpholinoethane sulfonic acid (MES) buffer (0.05 M, pH 5.5) for 30 min at room 

temperature. The samples were then transferred to the crosslinking solution, 

containing 2.3 g EDC and 0.56 g NHS in 215 ml MES-buffer per g of collagen (molar 



Chapter 4 
 

 54 

ratio of EDC/NHS = 2.5). After 2 h incubation under gentle shaking, the films were 

placed in a 0.1M Na2HPO4 (Merck, Darmstadt, Germany) solution for 2 h to stop the 

reaction and then rinsed with demineralized water for three times 30 min.  
 

2.3. Heparin immobilization 

Crosslinked collagen films were incubated in MES buffer (0.05 M, pH 5.6) for at least 

30 min at room temperature. The carboxylic acid groups of heparin (from porcine 

mucosa, MW 6000-30000, activity>160 IU/mg) were pre-activated for 10 min. This 

was done by means of 0.43 g EDC and 0.16 g NHS in 188 ml of a 2 (wt)% heparin 

solution in MES-buffer [13]. 

The crosslinked collagen (1 g) was heparinized for 2 h in the EDC/NHS-activated 

heparin solution. Subsequently, the reaction was terminated by immersion of the films 

in 0.1 M sodium phosphate. The heparinized films were then washed in 2 M NaCl (24 

h), 4 M NaCl (4 times 24 h) and MilliQ water (3 times 24 h). 
 

2.4. Characterization of films 

The shrinkage temperature (Ts) of (crosslinked) collagen was determined using 

Differential Scanning Calorimetry (DSC). This temperature, at which the collagen 

sample undergoes thermal denaturation, is used as a measure of the crosslink density 

[26]. Before measuring, samples of 5-10 mg were swollen overnight in 50 μl of 

phosphate buffered saline (PBS, B. Braun Medical, Oss, The Netherlands) in high-

pressure capsules. DSC measurements were carried out on a DSC 7 (Perkin Elmer, 

Wellesley, USA). Samples were heated from 20 ˚C to 90 ˚C at a heating rate of 10 

˚C/min. A sample containing 50 μl of PBS was used as a reference.  

The residual number of free primary amino groups in (crosslinked) collagen was 

determined spectrophotometrically after reacting with 2,4,6-trinitrobenzenesulfonic 

acid (TNBS, Fluka) [27]. 

The heparin content of the films was determined by a colorimetric method based on 

the binding of toluidine blue [20].  
 

2.5. 125I-labeling of SDF-1α 

Human recombinant SDF-1α (R&D systems, Minneapolis, USA) was labelled with 
125I using Iodobeads [28]. In short, 3 iodobeads (Pierce, Rockford, USA) were added 

to 250 μCi 125I-Na (Amersham Biosciences UK, Little Chalfont, UK) in 100 μl 

phosphate buffer (100 mM, PH 7.0). After 5 min, SDF-1α solution in phosphate 



Heparinized crosslinked collagen films pre-adsorbed with SDF-1α for hematopoietic 
progenitor cell culture 

 

 
 55

buffer (1 ml, 10 μg SDF-1α/ml) was added and iodination was carried out under 

gentle shaking at room temperature. After 15 min, the beads were removed and rinsed 

in 150 μl phosphate buffer. To the total aliquot of phosphate buffer, 600 μl bovine 

serum albumin (BSA) solution in phosphate buffer was added, giving a final albumin 

concentration of 1mg/ml. Residual 125I was removed from the 125I-labelled SDF-1α 

solution by purification over a series of 3 PD10-columns. Thereafter, the radio-

labelled SDF-1α solution was alliquoted and stored at –20 ˚C until use. 
 

2.6. SDF-1α adsorption and release 

Circular crosslinked collagen films with and without immobilized heparin were fixed 

in the wells of a 24-well tissue culture polystyrene (TCPS) culture plate (Corning, 

NY, USA) with Viton O rings. TCPS wells with and without films (d = 15 mm) were 

incubated overnight at 37 ˚C in a solution of penicillin (200 U/ml) and streptomycin 

(200 μg/ml; both from Gibco BRL, Paisley, UK).  

After rinsing three times with PBS singular films were incubated overnight at room 

temperature in 350 μl of a 125I-labelled SDF-1α solution in PBS (2.22 μg/ml as used in 

other adhesion studies [23]) containing 0.1 (wt)% BSA. Thereafter, the films were 

rinsed three times with PBS and the radioactivity of the samples was measured using 

a Compugamma 1282 γ-counter (LKB, Stockholm, Sweden). 

The release of SDF-1α was determined at 37 ˚C by placing heparinized and non-

heparinized crosslinked collagen films pre-adsorbed with 125I-labelled SDF-1α in 0.5 

ml culture medium (see below) containing 0.02 (wt)% NaN3. Half of the medium was 

refreshed twice a wk and the radioactivity of the removed medium was measured. 

Alternatively, the release of SDF-1α during the first hrs after transfer of the films into 

culture medium was determined by means of whole media replacements. At the end 

of the release period (2 wks), the radioactivity remaining associated with the films 

was measured as well. The amount of SDF-1α released into the medium was also 

determined using an ELISA (Quantikine, R&D systems). 

 

2.7. Hematopoietic cell culture  

Circular crosslinked collagen films (d = 15 mm) with and without immobilized 

heparin were rinsed with 70 % ethanol. The films were fixed with Viton O rings in the 

wells of a 24-well tissue culture polystyrene (TCPS) culture plate (Corning, NY, 

USA) and incubated overnight at 37 ˚C in a solution of 200 U/ml penicillin and 0.2 
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mg/ml streptomycin. Before cell seeding, the films were incubated once more 

overnight at room temperature in a PBS solution containing 0.1 (wt)% BSA with or 

without 2.22 μg/ml SDF-1α. 

Human CD34+ cells isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood were obtained from 

the Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and cultured in a serum-free medium 

consisting of IMDM (with GlutaMAX I, Gibco), 1 (wt)% BSA, 100 U/ml penicillin, 

0.1 mg/ml streptomycin, 10 μg/ml recombinant human insulin, 200 μg/ml human 

partially iron-saturated holo-transferrin, 10 ng/ml TPO, 10 ng/ml IL-3, 100 ng/ml 

SCF, 50 ng/ml Flt3/Flk2-ligand. All four cytokines were from recombinant human 

origin (R&D systems). The cells were seeded by adding 0.5 ml of a cell suspension 

with a density of 1·105 cells/ml onto the heparinized and non-heparinized crosslinked 

collagen films. Wells with Viton O rings but no films were also seeded and used as 

control. The cells were cultured at 37˚C in a humidified 5% CO2 atmosphere. Half of 

the medium was exchanged twice a wk. 

The effect of surface-adsorbed SDF-1α on cell adhesion was investigated using 

surfaces without SDF-1α (neither on the surface nor in the medium), SDF-1α pre-

adsorbed surfaces and surfaces where SDF-1α was added only to the culture medium 

at the concentration (50 ng/ml) approximately released into the medium during 1h, as 

discussed below. 

During cell culture two cell fractions were obtained. The cells that did not adhere to 

the films were removed by gentle pipetting. The adhering cells were obtained after 

rinsing the surfaces with PBS containing 1 (wt)% BSA and subsequent incubation at 

room temperature (20 min.) in Cell Dissociation Solution (CDS), a non-enzymatic 

reagent for the gentle removal of cells from a surface. 

Flowcytometric phenotyping was performed using anti-CD45-FITC, anti-CD34-PE 

and 7AAD vitality dye (all from Immunotech, Marseille, France). Isotype-identical 

antibodies were used as control and for quantification Flow-Count beads were added 

to the samples. Cells were counted and analyzed using a Cytomics FC500 flow 

cytometry system (Beckman Coulter, Fullerton, USA). Moreover, differentiation was 

evaluated by Colony Forming Unit (CFU) assays. The numbers of CFUs adherent to 

the heparinized and non-heparinized crosslinked collagen films as well as the non-
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adherent CFUs were determined. For quantification of the adherent CFUs the cells 

were first removed from the surface using CDS. For CFU analysis, samples 

containing 103 cells were taken from the HSC cultures, subsequently cultured in 

MethoCult (StemCell Technologies, Meylan, France) and scored after 2 wks.  
 

2.8. Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 3 experiments 

performed in duplicate, except for SDF-1α release which was determined from 2 

experiments performed in triplicate. Statistical analyses were performed using an 

unpaired two-tailed t-test. Results were considered significantly different at p values < 

0.1. 

 

 

3.  Results  

3.1. Collagen film preparation and heparin immobilization 

Compact collagen films with a thickness of 50 μm were obtained (figure 1).  

 

Figure 1. Scanning electron microscopy (S.E.M.) micrograph of a crosslinked collagen film  (original 

magnification 800x). 
 

Crosslinking with EDC and NHS resulted in a decrease of the number of free primary 

amino groups from 27 to 16 per 1000 amino acid residues while the shrinkage 

temperature increased from 59 ˚C to 76 ˚C, as reported elsewhere [20]. 

The crosslinked collagen films were heparinized. As previously reported 23 ± 4 μg 

heparin was immobilized per mg of collagen [20]. Toluidine blue staining was 

observed throughout the thickness of the films, indicating that heparin was 

immobilized both on the surface and in the bulk of the film. 
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3.2. SDF-1α adsorption and release 

Under the described conditions 25 ± 4 ng and 18 ± 2 ng SDF-1α (8.0 kDa) bound per 

mg of heparinized and non-heparinized crosslinked collagen film, respectively. 

Overnight incubation with a solution of penicillin and streptomycin in PBS did not 

influence the binding of SDF-1α. To compare the adsorption of SDF-1α to the films 

and TCPS, the amounts of adsorbed chemokine were expressed per surface area, 

using the external surface area of the films fixed in the wells. For heparinized and 

non-heparinized crosslinked collagen this amounted to 59 ± 9 ng and 47 ± 5 ng per 

cm2, respectively. The adsorption of SDF-1α onto TCPS was 21 ± 1 ng per cm2. This 

is 20 times lower than the adsorption of BSA onto TPCS from a solution of 15 mg/ml 

[29]. 

Because during cell culture half of the medium was changed twice a wk, the release of 
125I-labeled SDF-1α was determined under these conditions (figure 2A). Similar 

release profiles were obtained with unlabeled SDF-1α when measured with an SDF-

1α ELISA (figure 2B).  In 2 wks, 40 % of the chemokine was released both from the 

heparinized and non-heparinized crosslinked collagen films (figure 2C). Although it 

has been reported that IL-3 can also interact with heparin [15,19,31], the absence of 

IL-3 (10 ng/ml) from the culture medium did not affect the release of SDF-1α (data 

not shown).  
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Figure 2. Release of SDF-1α from heparinized and non-heparinized crosslinked collagen films into 0.5 ml 

culture medium under cell culture conditions. Circular films with a diameter of 15 mm and a thickness of 50 

μm were pre-adsorbed overnight in 350 μl SDF-1α solution (2.22 μg/ml). The SDF-1α concentrations in the 

supernatant were determined using 125I-labeled SDF-1α (A&C) or using an SDF-1α-ELISA (B), both from 

two independent experiments performed in triplicate (± S.D.). The cumulative release of 125I-labeled SDF-1α 

was determined both from whole medium changes (A &C the first hours) and when employing half medium 

changes twice a week (A &C day 4 to 14). 

 

A

B

C
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By measuring the radioactivity of the films after 2 wks, it was confirmed that both in 

case of crosslinked collagen and heparinized crosslinked collagen 60 % of the SDF-1α 

remained associated with the films. This SDF-1α could later be desorbed using a 4M 

NaCl solution (data not shown). 

The SDF-1α concentration in the medium during culture conditions is shown in figure 

3. At 1 h the concentration of SDF-1α in the culture medium after release from 

heparinized crosslinked collagen films was 39 ng/ml (47 ng/ml determined with 

ELISA). This concentration was in the same range as the concentration of SDF-1α 

when this was added to the culture medium (50 ng/ml). The release of SDF-1α into 

the culture medium from TCPS pre-adsorbed with the chemokine was only 

determined after 1 h and amounted to 8 ng/ml (data not shown). 

 

Figure 3. Concentration of SDF-1α in culture medium (ng/ml) under cell culture conditions, employing half 

medium changes twice a week. The concentration was determined using 125I-labeled SDF-1α after release 

from heparinized crosslinked collagen films 
 

3.3. Cell seeding 

As previously reported [20], heparinization of crosslinked collagen films resulted in 

increased adhesion of CD34+ enriched (>90 %, on average 95 %) HPCs with an 

improved viability. Pre-adsorption of SDF-1α onto crosslinked collagen films resulted 

in higher numbers of adhering cells, especially CD34+ cells, compared to films 
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without the chemokine and with the chemokine present in the medium (figures 4 and 

5). This was also found for heparinized crosslinked collagen films, although the 

number of cells adhering to this surface showed a larger variation between cell 

batches.   

 

Figure 4. Number of viable cells (7AAD- and CD45+) adhering to the surfaces 1 h after seeding, determined 

from three independent experiments performed in duplicate (± S.E.M.). * Indicates a significant difference 

compared to both crosslinked collagen films and TCPS surfaces. # Indicates a significant difference 

compared to TCPS. 

 

Figure 5. Number of CD34+ hematopoietic progenitor cells (7AAD-, CD45+ and CD34+) adhering to the 

surfaces 1 h after seeding, determined from three independent experiments performed in duplicate (± 

S.E.M.). * Indicates a significant difference compared to both crosslinked collagen films and TCPS and # 

indicates a significant difference compared to crosslinked collagen films without SDF-1α and crosslinked 

collagen films with SDF-1α only added to the medium. 
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3.4. Cell culture  

As previously reported [20], HPCs did not proliferate on crosslinked collagen films. 

This was not improved by pre-adsorption of SDF-1α. Therefore, data regarding HPC 

expansion and differentiation during cell culture are only shown for heparinized 

crosslinked collagen films, with TCPS as reference surface. 

During 2 wks of cell culture, HPC expansion was not significantly influenced by the 

presence of SDF-1α. On SDF-1α-adsorbed heparinized crosslinked collagen the total 

viable cell expansion was 7-fold after 2 wks of culture (figure 6), while no expansion 

of CD34+ cells was achieved (figure 7), as reported before for heparinized crosslinked 

collagen films without pre-adsorbed SDF-1α [20].  

 

 

Figure 6. Total number of viable cells (the sum of adherent and non-adherent cells (7AAD- and CD45+)), 

determined from three independent experiments performed in duplicate (± S.E.M.)  —■— SDF-1α-

adsorbed surfaces, - -●- - SDF-1α in the medium, —●— without SDF-1α. 
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The addition of SDF-1α to the culture medium during HPC culture using heparinized 

crosslinked collagen films had no significant effect on the total viable cell expansion 

or the number of CD34+ cells. On TCPS the addition of SDF-1α to the culture 

medium caused a transient increase in the total and CD34+ cell expansion at d 4 

(figures 6 and 7). 

 

 

Figure 7. Total number of CD34+ cells (the sum of adherent and non-adherent cells (7AAD-, CD45+ and 

CD34+)), determined from three independent experiments performed in duplicate (± S.E.M.). —■— SDF-

1α-adsorbed surfaces, - -●- - SDF-1α in the medium, —●— without SDF-1α. 
 

During 2 wks of cell culture using heparinized crosslinked collagen films, the number 

of CFUs among the cells in culture increased as previously reported [20]. Pre-

adsorption of SDF-1α onto heparinized crosslinked collagen films resulted in a 

slightly lower expansion of CFUs among the cells in culture (table 1). The same was 

found when SDF-1α was added to the culture medium (data not shown).  
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Table 1. Colony-forming units (CFUs) per 103 non-adhering cells in cultures using SDF-1α pre-adsorbed 

heparinized crosslinked collagen films. The total number of CFUs per 103 non-adhering cells in cultures 

using heparinized films without SDF-1α is shown between brackets. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 0* 4 34 0 50 88    
Day 4 1 (2) 66 (109) 15 (21) 67 (82) 149  (213) 
Day 7 0 (0) 32 (24) 29 (36) 71 (83) 132  (143) 
Day 14 0 (0) 4 (14) 55 (71) 9 (16) 68    (102) 
* Cells from the same cell batch as used in the cell cultures on the different substrates but immediately seeded into MethoCultTM. 
 

 

Without SDF-1α, the number of CFUs among the cells in culture using TCPS were 

lower than found for heparinized crosslinked collagen surfaces [20]. However, pre-

adsorption of SDF-1α onto TCPS resulted in an increased expansion of CFUs among 

the cells in culture (table 2). The same increase was found when SDF-1α was added to 

the culture medium (data not shown). This increase in CFU expansion corresponds to 

the increases in CD34+ cell expansion obtained at d 4 when SDF-1α was pre-adsorbed 

to TCPS or added in the medium during the HPC cultures on TCPS (figure 7).  
 

 

Table 2. Colony-forming units (CFUs) per 103 non-adhering cells in cultures using SDF-1α pre-adsorbed 

TCPS. The total number of CFUs per 103 non-adhering cells in cultures using TCPS without SDF-1α is 

shown between brackets. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
Day 0* 4 34 0 50 88    
Day 4 1 (1) 159 (59) 7 (9) 66 (27) 234 (95) 
Day 7 0 (0) 18 (19) 14 (13) 11 (9) 43 (41) 
Day 14 0 (0) 1 (3) 11 (15) 4 (6) 16 (23) 
* Cells from the same cell batch as used in the cell cultures on the different substrates but immediately seeded into MethoCultTM. 
 

 

During 2 wks of cell culture, comparable numbers of cells adhered to surfaces with 

and without pre-adsorbed SDF-1α (figure 8). Interestingly, when SDF-1α was added 

to the culture medium the numbers of adhering cells were significantly lower than in 

the former two cases. The same was found for the CD34+ cell population (data not 

shown). Therefore, prolonged exposure of HPCs to SDF-1α present in the culture 

medium appears to have an adverse effect on the number of adhering cells.  
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Figure 8. Number of viable cells (7AAD- and CD45+) adhering to the surfaces during cell culture, 

determined from three independent experiments performed in duplicate (± S.E.M.). —■— SDF-1α-

adsorbed surfaces, - -●- - SDF-1α in the medium, —●— without SDF-1α. 
 

 

The number of CFUs among the cells adhering at d 4 to the heparinized crosslinked 

collagen films increased when these films were pre-adsorbed with SDF-1α and 

decreased when SDF-1α was added to the culture medium (table 3). The number of 

CFUs adhering to TCPS did not change when this surface was pre-adsorbed with 

SDF-1α (data not shown).  
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Table 3.  Colony-forming units (CFUs) per 103 cells adhering to heparinized crosslinked collagen films at 

day 4. 

 CFU-GEMM BFU-E CFU-E CFU-G/M Total CFU 
No SDF-1α 0 3 0 4 7 
SDF-1α pre-adsorbed 0 6 2 4 12 
SDF-1α in the medium 0 2 1 1 4 
 

During the remainder of the 2 wks culture period using heparinized crosslinked 

collagen films, either with or without pre-adsorbed SDF-1α, CFU numbers increased 

to 50 per 103 adhering cells. On TCPS the number of CFUs increased to about 10-20 

per 103 adhering cells. Among the CFUs adhering to TCPS or heparinized crosslinked 

collagen films 70-85 % was erythroid. The continuous presence of SDF-1α in the 

culture medium resulted in a lower amount of CFUs adhering to TCPS or heparinized 

crosslinked collagen films (1 and 11 CFUs per 103 adhering cells, respectively). In the 

case of the latter substrate 86% of the adhering CFUs were erythroid.  

 

 

4. Discussion 

The previously described heparinized crosslinked collagen films for HPC culture [20] 

were pre-adsorbed with the chemokine SDF-1α. We found that the adsorption of 

SDF-1α onto crosslinked collagen films was slightly improved by heparinization of 

the films. The amount of adsorbed SDF-1α increased from 18 ± 2 ng to 25 ± 4 ng per 

mg of film. It is generally accepted in protein adsorption studies that about 0.4 μg/cm2 

can be considered a monolayer. The chemokine did not form such a monolayer on the 

surfaces, because maximally 21 to 59 ng/cm2 SDF-1α was adsorbed. It is most 

probable that the chemokine also adsorbed in the bulk of the films, as its molecular 

weight (8 kDa) is in the molecular weight range of the used heparin (6-30 kDa), 

which was immobilized both on the surface and in the bulk of the crosslinked 

collagen films [13, 20].  

The relatively small contribution of immobilized heparin to the extent of SDF-1α 

binding can be explained by the required oligosaccharide size for SDF-1α binding to 

heparin. The affinity of SDF-1α to heparin is similar to that of the well-studied 

heparin-binding molecule bFGF [32, 33]. However, bFGF requires only 4-6 

saccharide units, while SDF-1α requires 8-14 [34]. The availability of relatively large 

oligosaccharide sequences and their necessary flexibility [21] could be restricted by 

covalent coupling of heparin to collagen. Covalent ‘side-on’ binding of heparin to 
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crosslinked collagen reduced the accessibility of the AT-III binding site of heparin 

and resulted in decreased thrombin inactivation [13]. The published high affinity of 

SDF-1α towards immobilized heparin was determined with end group biotinylated 

heparin bound to strepavidin-functionalized surfaces [21,32]. End-on immobilization 

of heparin to collagen is less feasible due to electrostatic interactions between 

negatively and positive charged groups on heparin and collagen, respectively. 

In total approximately 40% of the adsorbed SDF-1α was released from both the 

heparinized and non-heparinized crosslinked collagen films during 2 wks, when 

employing half medium changes twice a wk. The remaining SDF-1α could be 

removed with 4M NaCl, indicating the presence of relatively strong ionic interactions, 

possibly accompanied by changes in the conformation of adsorbed SDF-1α.  

When CD34+ cells were cultured on these substrates the number of cells adhering to 

the substrates was higher at 1 h after cell seeding when the substrates were pre-

adsorbed with SDF-1α. This is in accordance with a previous report showing that 

coating of poly(styrene) (PS) with both the cell adhesion molecule VCAM-1 and 

SDF-1α significantly improved adhesion of CD34+ cells compared to adhesion to 

VCAM-1-coated PS with SDF-1α in the medium [22]. It was also documented that 

SDF-1α bound to GAGs on stromal cells and that loading the stroma with SDF-1α 

increased the adhesion of CD34+ cells [23]. However, the number of adhering cells as 

percentage of the total number of seeded cells remains low, even on SDF-1α pre-

adsorbed heparinized crosslinked collagen films (12 %). 

We found that the adsorption of SDF-1α on crosslinked collagen and heparinized 

crosslinked collagen gave a similar increase in CD34+ cell adhesion. This suggests 

that this effect is caused by the local higher concentration of SDF-1α at the surface 

and not by changes in chemokine conformation induced by specific binding to 

heparin. However, heparinization of the collagen substrates is necessary for the 

culture of CD34+ cells as reported before [20]. The increased number of CFUs among 

the cells adhering to SDF-1α pre-adsorbed heparinized crosslinked collagen surfaces 

at d 4 could be a consequence of the higher number of CD34+ cells adhering to these 

surfaces at 1 h after cell seeding and their subsequent differentiation into more 

committed progenitors. 

The continuous presence of SDF-1α in the cell culture medium, however, resulted in a 

dramatically lower number of cells adhering to the surfaces. Shen et al. proposed that 
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SDF-1α-stimulated adhesion occurs rapidly and is due to changes in integrin avidity 

mediated by cytoskeletal reorganization [35]. Peled et al. reported that prolonged 

treatment of CD34+ cells with SDF-1α deformed the cells and reduced their VLA-4-

dependent adhesion to a level below that of intact cells [22]. Therefore, over-

stimulation with SDF-1α could have disrupted the cytoskeletal arrangements 

necessary for adhesion, leading to a lower number of cells adhering to the surfaces 

when SDF-1α was continuously present in the medium. Because the release of SDF-

1α from the films took place within the first days, the cells were not continuously 

stimulated by the chemokine and therefore the adhesion was not negatively 

influenced.  

The expansion of the total and CD34+ cell population on heparinized crosslinked 

collagen was not influenced by SDF-1α, either pre-adsorbed to the surface or added to 

the culture medium. When using TCPS the total and CD34+ cell expansion increased 

transiently at d4 when SDF-1α was added to the culture medium. Additionally, more 

CFUs were found among the cells in culture at d4 when using SDF-1α pre-adsorbed 

TCPS and when SDF-1α was added to the medium during cell culture on TCPS. 

During CD34+ culture using heparinized crosslinked collagen films where SDF-1α 

was pre-adsorbed or added to the culture medium, the number of CFUs among the 

cells in culture decreased. These results differ from data reported by Glimm et al. 

about the serum-free culture of human cord blood HPCs for 48 h in medium 

containing SCF, TPO and 100 ng/ml SDF-1α, where no effect of SDF-1α on CFU 

expansion was reported [36]. 

These results shows that pre-adsorption of SDF-1α to heparinized crosslinked 

collagen films can be used to increase HPC adhesion upon cell seeding, without 

negatively influencing cell adhesion as found when the chemokine was added to the 

culture medium. In general, these results show that hematopoietic factors pre-

adsorbed to heparinized crosslinked collagen films can be used to influence the HSC 

cultures performed on these substrates. This can be extended to other hematopoietic 

factors while specific GAGs isolated from the bone marrow could be used instead of 

heparin. Before modification, the collagen can be processed into other morphologies 

to provide a three-dimensional environment for the culture of HSCs. 
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Abstract 

A successful in vitro expansion and differentiation of hematopoietic stem and 

progenitor cells (HSCs and HPCs) is of great clinical interest. This may be achieved 

by culturing these cells under conditions that mimic the hematopoietic niches found in 

the bone marrow. In this study human peripheral blood derived CD34+ cells were 

expanded using heparinized and non-heparinized crosslinked collagen type I films, 

which were pre-adsorbed with IL-3.  

Circular collagen films (d = 15 mm, thickness = 50 μm, weight ~ 3 mg) adsorbed a 

relatively large amount (~2.4 ng) of IL-3 when incubated overnight with IL-3 

containing serum-free culture medium (0.5 ml, 10 ng/ml IL-3), whereas under the 

same conditions heparinized crosslinked collagen films with the same dimensions 

adsorbed about 2.0 ng IL-3.  

When heparinized crosslinked collagen films were exposed to serum-free culture 

medium (0.5 ml) at 37˚C with regular whole medium changes at fixed time points, 8% 

of the pre-adsorbed IL-3 was released after 8 hrs, whereas non-heparinized films only 

released 1 % of the pre-adsorbed IL-3, indicating that a large part of the IL-3 was 

irreversibly bound onto the films. 

Heparinized crosslinked collagen films were also exposed to a PBS solution 

containing IL-3 (300 μl, 1 μg/ml IL-3, 0.1 (wt)% BSA) at room temperature 

overnight, resulting in the adsorption of 111 ± 30 ng IL-3 per film. After incubation 

with culture medium (0.5 ml, 37˚C) about 22 ng (20%) of the pre-adsorbed IL-3 was 
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released within 4 days and no further release of IL-3 was observed after subsequent 

half-medium changes twice a week. 

The use of heparinized crosslinked collagen films pre-adsorbed with 111 ± 30 ng IL-3 

as substrate for CD34+ cell culture using serum-free medium, initially not containing 

IL-3, resulted in a relatively large number of adhering cells, a 1.4-fold CD34+ cell 

expansion during the first wk and a 16-fold total cell expansion after 2 wks. 

Crosslinked collagen films were pre-adsorbed with IL-3, in a similar way as for the 

heparinized films. The use of IL-3 pre-adsorbed crosslinked collagen films as a 

substrate for CD34+ cell culture using serum-free medium, initially not containing IL-

3, did not result in the expansion of HPCs.  

The use of heparinized crosslinked collagen films pre-adsorbed with 111 ± 30 ng IL-3 

as culture substrate for CD34+ cell culture also resulted in more CFUs differentiated 

in the erythroid lineage than in cultures performed on heparinized films without pre-

adsorbed IL-3, but with IL-3 added to the culture medium (10 ng/ml).  

 

 

 

1.  Introduction 

The bone marrow is the principal site where the adult hematopoietic system produces 

blood cells. It is expected that the in vitro expansion of hematopoietic progenitor cells 

(HPCs) will be facilitated by the use of a culture system that mimics the bone marrow 

microenvironment. Additionally, such a systems will provide a model to investigate 

mechanisms involved in hematopoiesis. Bone marrow microenvironments consist of 

stromal cells, extracellular matrix (ECM) components and molecules such as 

cytokines [1-3]. The binding and release of cytokines, chemokines and growth factors 

by stromal cells and ECM is an important mechanism regulating hematopoiesis inside 

these microenvironments [1,4,5].  

Previously, we demonstrated the use of heparinized crosslinked collagen films as 

substrate for culturing of human CD34+ cells obtained from G-CSF mobilized 

peripheral blood. Collagen type I is one of the major constituents of the bone marrow 

ECM and can be processed into structures suitable for HPC culture [6-8] and 

erythropoiesis [9-11]. We used heparin as a model compound for heparan sulfate, a 

glycosaminoglycan that plays an important role in the bone marrow as it mediates the 

function of molecules such as cytokines [12-16]. Heparinized crosslinked collagen 
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films showed improved CD34+ cell survival, a 6-fold expansion of CFUs during the 

first wk and a 5-fold total cell expansion after 2 wks, whereas no HPC expansion was 

obtained when using non-heparinized crosslinked collagen films [17]. In a later study 

SDF-1α was pre-adsorbed to the these films to increase cell adhesion, resulting in an 

increased number of HPCs adhering onto SDF-1α pre-adsorbed films upon cell 

seeding as compared to films that did not contain SDF-1α [18]. CD34+ cell survival, 

total viable cell expansion and the CFU expansion were not influenced by SDF-1α 

pre-adsorbed onto both heparinized and non-heparinized films. 

The cytokine interleukin-3 (IL-3), which was present in the medium in the previous 

studies, promotes HSC and HPC maintenance under serum-free culture conditions 

[19]. Using culture plates coated with IL-3, it was shown that IL-3 can function as 

adhesive ligand for CD34+ HPCs [20]. IL-3 added to the culture medium increases 

HPC adhesion and migration on immobilized ECM components [21, 22]. Moreover, it 

has been reported that IL-3 binds to immobilized heparan sulfate and dissolved 

heparin, which increases its ability to promote proliferation of an IL-3-dependent 

myeloid cell line [23]. In a previous study, we found that both heparinized and non-

heparinized crosslinked collagen films adsorb IL-3 from serum-free HPC culture 

medium [17]. 

The aim of the present study is first to investigate IL-3 adsorption onto heparinized 

and non-heparinized crosslinked collagen films and to investigate the role of IL-3 and 

its interactions with these films on HPC adhesion, proliferation and differentiation.  

 

 

2.  Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Preparation of heparinized crosslinked collagen films 

Collagen dispersions were prepared from type I insoluble collagen derived from 

bovine achilles tendon. Collagen (1 g) was swollen overnight in 0.05 M acetic acid 

solution (50 ml) at 4 ˚C. The mixture was dispersed with 50 g crushed ice for 4 min in 

a Philips blender and subsequently homogenized for 30 min at 4 ˚C using an Ultra-
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Turrax T25 (IKA Labortechnik, Staufen, Germany). The resulting slurry was filtered 

through a 20 denier nylon filter (average pore size 30 μm) and a 25 μm filter 

(Cellector screen, Bellco, Feltham, UK) mounted in a disc filter holder. After 

degassing at 0.1 mbar the suspension was cast onto a poly(ethylene terephthalate) 

(PET) plate using a casting knife. The films were allowed to dry for 1 wk at ambient 

conditions in a laminar flowhood. 

Subsequently, these films were crosslinked using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC; Fluka, Buchs, Switzerland) and N-

hydroxysuccinimide (NHS) [24]. The scaffolds were first incubated in 2-

morpholinoethane sulfonic acid (MES) buffer (0.05 M, pH 5.5) for 30 min at room 

temperature. The samples were then transferred to the crosslinking solution, 

containing 2.3 g EDC and 0.56 g NHS in 215 ml MES-buffer per g of collagen (molar 

ratio of EDC/NHS = 2.5). After 2 h incubation under gentle shaking, the films were 

placed in a 0.1 M Na2HPO4 (Merck, Darmstadt, Germany) solution for 2 h to stop the 

reaction and then rinsed with demineralized water for three times 30 min.  

Crosslinked collagen films were subsequently heparinized [24]. The films were first 

incubated in MES buffer for at least 30 min at room temperature. The carboxylic acid 

groups of heparin (from porcine mucosa, MW 6000-30000, activity > 160 IU/mg) 

were pre-activated for 10 min. This was done by means of 0.43 g EDC and 0.16 g 

NHS in 188 ml of a 2 (wt)% heparin solution in MES-buffer. 

Crosslinked collagen films (1 g) were heparinized for 2 h in the EDC/NHS-activated 

heparin solution. Subsequently, the reaction was terminated by immersion of the films 

in 0.1 M sodium phosphate. The heparinized films were then washed in 2 M NaCl (24 

h), 4 M NaCl (4 times 24 h) and MilliQ water (3 times 24 h). 

 

2.3. Characterization of films 

The shrinkage temperature (Ts) of (crosslinked) collagen was determined using 

Differential Scanning Calorimetry (DSC), as described before [17]. This temperature, 

at which the collagen sample undergoes thermal denaturation, is used as a measure of 

the crosslink density [25].  

The residual number of free primary amino groups in (crosslinked) collagen was 

determined spectrophotometrically after reacting with 2,4,6-trinitrobenzenesulfonic 

acid (TNBS; Fluka) [26]. 
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The heparin content of the samples was determined by a colorimetric method based 

on the binding of toluidine blue [27].  

 

2.4. IL-3 adsorption and release 

Circular crosslinked collagen films (d = 15 mm, thickness = 50 μm, weight ~ 3 mg) 

with and without immobilized heparin were fixed with Viton O rings in the wells of a 

24-well tissue culture polystyrene (TCPS) culture plate (Corning, NY, USA). These 

were incubated overnight at 37 ºC in a solution of penicillin (200 U/ml) and 

streptomycin (200 μg/ml; both from Gibco BRL, Paisley, UK). After rinsing 3 times 

with PBS the films were either incubated at 37 ºC in 0.5 ml of culture medium 

containing 10 ng/ml IL-3 (see below) or at room temperature in 300 μl of a solution of 

IL-3 (1 μg/ml) in PBS containing 0.1 (wt)% BSA. After overnight incubation, the 

concentration of IL-3 in the solutions was determined using an ELISA (Quantikine, 

R&D systems, Minneapolis, USA). 

The release of IL-3 from films was determined at 37 ˚C. After rinsing with PBS, 0.5 

ml culture medium without cytokines, containing 0.02 (wt)% NaN3, was added to the 

heparinized and non-heparinized crosslinked collagen films pre-adsorbed with IL-3. 

The release of IL-3 during 1 wk from samples that were pre-incubated with IL-3-

containing culture medium was determined by completely refreshing the cytokine-free 

medium at pre-determined time points after which the concentration of IL-3 in the 

removed medium was measured with the ELISA.  

The release of IL-3 during 2 wks from samples that were pre-incubated with the IL-3 

solution in PBS was determined by refreshing half of the cytokine-free culture 

medium twice a wk after which the concentration of IL-3 in the removed medium was 

measured with the ELISA. 
 

2.5. Hematopoietic cell culture  

Circular films cut out of heparinized and non-heparinized crosslinked collagen films 

(d = 15 mm) were rinsed with 70 % ethanol. The films were fixed with Viton O rings 

in the wells of a 24-well TCPS culture plate and incubated overnight at 37 ˚C in a 

solution of penicillin (200 U/ml) and streptomycin (200 μg/ml). Before cell seeding, 

the films were incubated once more overnight at room temperature in 300 μl of PBS 

containing 0.1 (wt)% BSA with or without 1 μg/ml IL-3 (R&D systems).  
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Human CD34+ cells, isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood, were obtained from 

the Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and subsequently cultured in medium 

consisting of IMDM (with GlutaMAX I), 1 (wt)% BSA, 100 U/ml penicillin, 0.1 

mg/ml streptomycin, 10 μg/ml recombinant human insulin, 200 μg/ml human partially 

iron-saturated holo-transferrin, 10 ng/ml TPO, 100 ng/ml SCF, 50 ng/ml Flt3/Flk2-

ligand, with or without 10 ng/ml IL-3. All four cytokines were from recombinant 

human origin (R&D systems). The cells were seeded by adding 0.5 ml of a cell 

suspension with a density of 1·105 cells/ml onto the films. The cells were cultured at 

37 ˚C in a humidified 5 % CO2 atmosphere. Half of the medium was exchanged twice 

a wk. 

During cell culture two cell fractions were obtained. The cells that did not adhere to 

the films were removed by gentle pipetting. The adhering cells were obtained after 

rinsing the surfaces with PBS containing 1 (wt)% BSA and subsequent incubation in 

Cell Dissociation Solution (CDS) for 20 min at room temperature. 

Flowcytometric phenotyping was performed using anti-CD45-FITC, anti-CD34-PE, 

anti-CD34-ECD, anti-CD36-FITC, anti-CD235A-PE and 7AAD vitality dye (all from 

Immunotech, Marseille, France). Isotype-identical antibodies were used as control and 

for quantification Flow-Count beads were added to the samples. Cells were counted 

and analyzed using a Cytomics FC500 flow cytometry system (Beckman Coulter, 

Fullerton, USA). Moreover, cell differentiation was evaluated by Colony-Forming 

Unit (CFU) assays. For CFU analysis, samples containing 103 cells were taken from 

the HPC cultures, subsequently cultured in MethoCult (StemCell Technologies, 

Meylan, France) and scored after 2 wks. The number of CFUs adhering to the 

heparinized and non-heparinized crosslinked collagen films as well as the number of 

non-adherent CFUs were determined. For quantification of adherent CFUs, the cells 

were first removed from the films using CDS. 

 

2.6. Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 2 experiments 

performed in duplicate. Statistical analyses were performed using an unpaired two-

tailed t-test. Results were considered significantly different at p values < 0.05. 



IL-3 pre-adsorbed heparinized crosslinked collagen films for hematopoietic 
progenitor cell culture 

 

 
 

79

3.  Results and discussion 

3.1. Preparation of heparinized collagen films 

Collagen films with a thickness of 50 μm [17] were first crosslinked and subsequently 

heparinized using EDC and NHS. Crosslinked collagen films had a shrinkage 

temperature of 76 ˚C and the number of primary amino groups per 1000 amino acid 

residues was 16. For non-crosslinked collagen these values were 59˚C and 27 primary 

amino groups per 1000 amino acid residues, respectively. After heparinization of the 

crosslinked collagen films the shrinkage temperature did not decrease any further, 

while the number of primary amino groups per 1000 amino acid residues further 

decreased to about 15. As reported previously, 23 ± 4 μg heparin was immobilized per 

mg of crosslinked collagen film [17]. Toluidine blue staining throughout the thickness 

of the films indicated that heparin was immobilized both on the surface and in the 

bulk of the films. 
 

3.2. Pre-adsorption and release of IL-3 

Heparinized and non-heparinized crosslinked collagen films (d = 15mm, thickness = 

50 μm, weight ~ 3 mg) adsorbed 2.0 ± 0.3 ng and 2.4 ± 0.3 ng IL-3, respectively from 

0.5 ml of culture medium with an initial concentration of 10 ng IL-3 per ml after 

overnight exposure at 37 ˚C. 

The release of IL-3 from films that were pre-incubated with IL-3 containing culture 

medium was determined using whole medium changes. Heparinized and non-

heparinized crosslinked collagen films only released about 8 % and 1 %, respectively 

of the adsorbed IL-3 during the first 8 hrs (figure 1). This means that about 164 and 

22 pg IL-3 were released from heparinized and non-heparinized crosslinked collagen 

films, respectively into the culture medium. This indicates that the interaction of IL-3 

with crosslinked collagen is relatively strong, probably leading to conformational 

changes, whereas a small fraction of IL-3 adsorbed onto the heparinized films could 

be desorbed. Most probably this fraction of IL-3 has interactions with the heparin in 

such a way that the conformation of IL-3 remains preserved. 
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Figure 1. Release of IL-3 from heparinized and non-heparinized crosslinked collagen films into 0.5 ml 

cytokine-free culture medium at 37˚C, determined after whole medium changes. Circular films with a 

diameter of 15 mm and a thickness of 50 μm were pre-adsorbed with IL-3 overnight in 0.5 ml culture 

medium containing IL-3 (10 ng/ml). The IL-3 concentration in the supernatant was determined using an IL-

3-ELISA. 
 

The IL-3 fraction of 8 % that was released from the heparinized crosslinked collagen 

films was most probably bound to heparin present in the collagen matrix. The 

relatively fast partial release of IL-3 from heparinized and non-heparinized 

crosslinked collagen films was similar to the release pattern of SDF-1α from these 

films [18]. It has been reported [28] that heparinized films pre-incubated with a basic 

Fibroblast Growth Factor (bFGF) solution in PBS (0.25 ml, 0 – 320 ng/ml bFGF, 1 

mg/ml BSA) adsorbed more bFGF as compared to non-heparinized films. When 

bFGF pre-adsorbed heparinzed films were exposed to serum-containing culture 

medium, bFGF release into the medium was sustained for days [28]. The large 

amount of bFGF adsorbed onto heparinized crosslinked collagen films was most 

probably facilitated by the small oligosaccharide size required for specific binding of 

bFGF to heparin [29]. In the present study the covalent coupling of heparin to 

collagen could have restricted the availability of a sufficient large oligosaccharide 

sequence for efficient IL-3 binding, as suggested for the binding of AT-III [24] and 

SDF-1α [18]. More IL-3 might have been specifically adsorbed onto the heparinized 

films when heparin was immobilized end-on using different chemistry. 

Heparinized crosslinked collagen films for HPC culture were incubated overnight at 

37˚C with 300 μl of an IL-3 solution in PBS (1 μg/ml) containing 0.1 (wt)% BSA 

during which 111 ± 30 ng IL-3 per film was adsorbed. Because during cell culture 



IL-3 pre-adsorbed heparinized crosslinked collagen films for hematopoietic 
progenitor cell culture 

 

 
 

81

half of the medium was exchanged twice a wk, the release of IL-3 from heparinized 

crosslinked collagen films was also determined using these conditions (figure 2). 

About 22 ng (equivalent to 20 %) of pre-adsorbed IL-3 was released into 0.5 ml 

culture medium before the first half-medium change at d 4. During further incubation 

with culture medium, the remaining 80 % of the pre-adsorbed IL-3 remained bound to 

the films. Thus, only a small fraction of IL-3 pre-adsorbed onto the heparinized films, 

either from culture medium or from PBS, could be released after exposure of the pre-

adsorbed films to culture medium.  
 

 

Figure 2. Concentration of IL-3 in culture medium during desorption of IL-3 from heparinized crosslinked 

collagen films (d = 15 mm, thickness = 50 μm), that were pre-incubated overnight with 300 μl of an IL-3 

solution in PBS (1 μg/ml) containing 0.1 (wt)% BSA at room temperature, employing half medium changes 

twice a week. The IL-3 concentration in the (initially cytokine-free) supernatant was determined using an 

IL-3-ELISA  

 

3.3.Pre-adsorbed IL-3 and HPC adhesion 

CD34+ selected cells (~ 90 % CD34+) were seeded onto heparinized and non-

heparinzed crosslinked collagen films that were pre-incubated with 300 μl PBS 

containing IL-3 (1 μg/ml) and BSA (1 mg/ml). After 1 wk of cell culture the number 

of viable cells adhering to the surface of IL-3 pre-adsorbed heparinized crosslinked 

collagen films was about 5 times higher than the number of cells adhering to these 

films without pre-adsorbed IL-3 and no IL-3 added to the culture medium (figure 3). 

At the same time point, the films without pre-adsorbed IL-3, but with IL-3 added to 

the culture medium had about 2 times more adhering cells than the films without any 

IL-3. The number of adhering viable cells on IL-3 pre-adsorbed non-heparinized 
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films, without IL-3 added to the culture medium, was comparable to the number of 

cells adhering to heparinized films without pre-adsorbed IL-3 and no IL-3 added to 

the culture medium (data not shown).  

 
Figure 3. Number of viable cells (7AAD- and CD45+) adhering to the surfaces during cell culture using 

heparinized crosslinked collagen films with or without pre-adsorbed IL-3, determined from two 

independent experiments performed in duplicate (± S.E.M.).  * Indicates a significant difference compared 

to heparinized films without pre-adsorbed IL-3, with and without IL-3 added to the culture medium. # 

Indicates a significant difference compared to heparinized films without pre-adsorbed IL-3 and no IL-3 

added to the culture medium. 
 

These results demonstrate that the presence of IL-3 increases the number of cells 

adhering to the heparinized films. After 1 wk the highest number of adhering cells 

was found on IL-3 pre-adsorbed heparinized crosslinked collagen films, whereas after 

2 wks there was no difference between heparinized films with pre-adsorbed IL-3 

without IL-3 added to the culture medium and heparinized films without pre-adsorbed 

IL-3 but with IL-3 added to the culture medium. 

The number of CD34+ cells adhering to the IL-3 pre-adsorbed heparinized films, as 

percentage of the total number of adhering cells, decreased from 63 % after 1 wk to 7 

% after 2 wks. Similar data were obtained with heparinized films without pre-

adsorbed IL-3, either with or without IL-3 added to the culture medium (data not 

shown). The influence of pre-adsorbed IL-3 on the number of CD34+ cells adhering to 

non-heparinized crosslinked collagen could not be determined, due to the very low 

number of CD34+ cells adhering to these films.  

The number of CFUs adhering to IL-3 pre-adsorbed heparinized films did not change 

much during 2 wks of HPC culture, whereas the number of CFUs adhering to 

heparinized films without pre-adsorbed IL-3 but with 10 ng/ml IL-3 added to the 
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culture medium increased (table 1). No CFUs adhered to the non-heparinized films, 

both with and without pre-adsorbed IL-3 during 2 wks of culture. 
 

Table 1. Number of Colony Forming Units per surface area (CFU/cm2) adhering to IL-3 pre-adsorbed 

heparinized crosslinked collagen films without IL-3 added to the culture medium, as compared to 

heparinized crosslinked collagen films without pre-adsorbed IL-3 but with IL-3 (10 ng/ml) added to the 

culture medium [17].  

 IL-3 pre-adsorbed heparinized films, 
without IL-3 added to the culture medium 

Heparinized films without pre-adsorbed IL-3, 
with IL-3 added to the culture medium. 

 CFUs Erythroid CFUs CFUs Erythroid CFUs 
Week 1 142 94 % 17 67 % 
Week 2 152 92 % 158 71 % 
 

In case of adsorption of 2 ng IL-3 from the culture medium onto the heparinized 

crosslinked collagen films, the resulting concentration of IL-3 in the culture medium 

was 6 ng/ml. The concentration of IL-3 in the culture medium increased from 6 ng/ml 

at day 4 to 9.5 ng/ml after 2 wks, due to half medium refreshments. On the other hand, 

after adsorption of 111 ng IL-3 from the IL-3 solution in PBS onto the heparinized 

films , 22 ng IL-3 was released into culture medium without added IL-3, resulting in a 

decreasing IL-3 concentration from 44 ng/ml after 4 d to 5.5 ng/ml after 2 wks due to 

half medium exchanges with IL-3-free culture medium. During the 2 wk culture 

period, 89 ng IL-3 remained bound to these films. The relatively high number of cells 

and CFUs adhering to the films after 1 wk in the latter case, could be due to the high 

surface concentration of IL-3 as well as the high IL-3 concentration in the medium. 

Surface-immobilized IL-3 can function as adhesive ligand for CFUs [20]. Moreover, 

IL-3 in serum-free culture medium (10-100 U/ml) can stimulate HPC adhesion onto 

ECM components [21].  
 

3.4. Pre-adsorbed IL-3 and HPC expansion and differentiation 

The strong interaction between IL-3 and non-heparinized crosslinked collagen, 

possibly accompanied by conformational changes of the cytokine, was previously 

proposed as explanation for the poor performance of these films as substrate for 

serum-free HPC culture [17]. Under similar conditions, HPCs proliferated when using 

heparinized crosslinked collagen films pre-incubated with the IL-3 solution in PBS (1 

μg/ml) as culture substrate (figure 4), but not when using non-heparinized crosslinked 

collagen films, even after pre-adsorption of the films with IL-3 (data not shown). The 

use of heparinized crosslinked collagen films pre-adsorbed with IL-3 as substrate 

during CD34+ culture in IL-3-free culture medium, improved the total viable cell 
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expansion 4-fold, as compared to cultures using heparinized films with IL-3 added to 

the culture medium. Cultures performed using heparinized films without pre-adsorbed 

IL-3 and no IL-3 added to the culture medium, showed no cell expansion. 
 

 

Figure 4. Total number of viable cells (sum of adherent and non-adherent cells (7AAD- and CD45+)) during 

cell culture using heparinized crosslinked collagen films with or without pre-adsorbed IL-3, determined 

from two independent experiments performed in duplicate (± S.E.M). 
 

When using IL-3 pre-adsorbed heparinized crosslinked collagen films as culture 

substrate, the total number of cells expanded 16 times while the CD34+ cells 

transiently expanded 1.4 times. In contrast, the number of CD34+ cells decreased 

when using heparinized films that were not pre-adsorbed with IL-3, with or without 

IL-3 added to the culture medium (figure 5). The number of CFUs among 103 cells 

expanded transiently, when using heparinized films with or without pre-adsorbed IL-3 

(table 2).  

 

 

*



IL-3 pre-adsorbed heparinized crosslinked collagen films for hematopoietic 
progenitor cell culture 

 

 
 

85

Figure 5. Total number of CD34+ cells (the sum of adherent and non-adherent cells (7AAD-, CD45+ and 

CD34+)) during cell culture using heparinized crosslinked collagen films with or without pre-adsorbed IL-3, 

determined from two independent experiments performed in duplicate (± S.E.M.). * Indicates a significant 

difference compared to heparinized films without pre-adsorbed IL-3 and no IL-3 in the medium. 
 

Table 2. Colony Forming Units (CFUs) per 103 non-adhering cells in cultures using heparinized crosslinked 

collagen films with or without pre-adsorbed IL-3. At cell seeding, the cell population contained 88 CFUs per 

103 cells, of which 39-46 % were erythroid CFUs (either BFU-E or CFU-E). 

 Week 1 Week 2 
 CFUs Erythroid CFUs CFUs Erythroid CFUs 
Heparinized films without pre-
adsorbed IL-3, with IL-3 added to 
the culture medium 

146 62 % 88 83 % 

IL-3 pre-adsorbed heparinized 
films, without IL-3 added to the 
culture medium 

111 93 % 32 92 % 

 

The high total cell expansion combined with the relatively low number of CFUs 

among 103 cells after 2 wks of culture using IL-3 pre-adsorbed heparinized 

crosslinked collagen films is indicative of cell differentiation. This could have been 

caused by the relatively high amount of IL-3 released into the culture medium from 

the IL-3 pre-adsorbed films. It has been reported that relatively high concentrations of 

IL-3 in serum-free culture medium increase HPC differentiation [19]. 

The 89 ng IL-3 that remained bound to the IL-3 pre-adsorbed heparinized films during 

2 wks of cell culture, could have contributed to the high total and transient CD34+ cell 

expansion. It has also been reported that IL-3 bound to immobilized heparan sulfate 

promotes the proliferation of HPCs [23]. However, the relative contribution of 

released IL-3 or IL-3 that remained bound to the heparinized films to the improved 

HPC expansion, when using heparinized crosslinked collagen films pre-adsorbed with 

IL-3, could not be determined from the current results. 

The use of IL-3 pre-adsorbed heparinized crosslinked collagen films resulted in a 

higher percentage of erythroid progenitors among the CFUs, as compared to these 

films without pre-adsorbed IL-3 but with IL-3 added to the culture medium (table 2). 

The involvement of IL-3 in erythropoiesis has been reported before. In vitro, the 

absence of IL-3 during erythropoiesis delays the differentiation of HSCs into 

erythropoietic progenitors [30].  In vivo, the number of nucleated red blood cells in 

the blood, associated with a variety of severe diseases, was correlated with the IL-3 

levels [31], indicating increased erythropoiesis with high IL-3 levels. 
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4.  Conclusions 

Crosslinked collagen films (d = 15 mm, thickness = 50 μm, weight ~ 3 mg) adsorbed 

a significant amount (ca. 2.4 ng per film) of IL-3 from 0.5 ml culture medium 

containing 5 ng IL-3 at 37˚C. The adsorption of IL-3 from culture medium onto 

heparinized films was 2 ng per film. Heparinized films subsequently released 8 % of 

the adsorbed IL-3 into cytokine-free culture medium, which was 8 times more than 

the amount released from non-heparinized films. This indicates that part of the 

adsorbed IL-3 was reversibly bound to the heparinized films, while IL-3 adsorbed 

onto crosslinked collagen was almost entirely bound in an irreversible way. 

The use of non-heparinized crosslinked collagen films, pre-incubated with an IL-3 

solution (1 μg/ml), as substrate for CD34+ cell culture with IL-3 free medium did not 

result in cell proliferation. These results may be explained by the strong interaction 

between IL-3 and the crosslinked collagen films, possibly accompanied by 

conformational changes of the cytokine. Upon incubation with the IL-3 solution, the 

adsorption of IL-3 onto heparinized crosslinked collagen films was 111 ± 30 ng per 

film. About 20 % of the adsorbed IL-3 was subsequently released from the 

heparinized films. This release took place before the first medium refreshment at d 4. 

The use of heparinized crosslinked collagen films pre-adsorbed with IL-3 as substrate 

for the culture of CD34+ cells with IL-3-free culture medium resulted in a relatively 

large number of adhering cells and a transient 1.4-fold CD34+ expansion during the 

first wk of culture and a 16-fold viable cell expansion after 2 wks. These results show 

that the binding of IL-3 by heparinized crosslinked collagen films improves HPC 

expansion. Additionally, by using these films, an increased differentiation of CFUs 

into the erythroid lineage was found. 
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Abstract 

In this appendix, the use of heparinized and non-heparinized crosslinked collagen 

films pre-adsorbed with basic Fibroblast Growth Factor (bFGF) as substrate for the 

culture of CD34+ hematopoietic progenitor cells (HPCs) is presented.  

Heparinized and non-heparinized crosslinked collagen films (d = 15 mm, thickness = 

50 μm, weight ~ 3 mg) were pre-incubated with 0.3 ml of a solution of bFGF (1 

μg/ml) in PBS. Peripheral blood derived CD34+ cells were seeded onto these films 

and after 2 wks of serum-free culturing in medium containing Flt3/Flk2-ligand, IL-3, 

TPO and SCF, a large number of cells adhered to the films (50000-60000 cells/film). 

On bFGF pre-adsorbed heparinized films the total cell expansion was 10 times after 2 

wks, while on bFGF pre-adsorbed non-heparinized films the total cell population 

expanded 2-fold. CD34+ cells only expanded on heparinized films pre-adsorbed with 

bFGF, reaching an expansion of 1.5 times after 1 wk. However, the number of CFUs 

among the expanded cells did not increase. The differentiation of CFUs into the 

erythroid lineage was not significantly stimulated by bFGF pre-adsorbed to 

heparinized films. 

These results show that culturing of HPCs on heparinized and non-heparinized 

crosslinked collagen films pre-adsorbed with bFGF, mainly led to an increase in the 

number of adhering and non-adhering cells, as compared to films which did not 

contain bFGF.  
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1.  Introduction 

In the previous chapters, heparinized and non-heparinized crosslinked collagen films 

were either pre-adsorbed with the cytokine interleukin-3 (IL-3) or the chemokine 

stromal cell-derived factor-1α (SDF-1α). When culture medium was added to films 

pre-adsorbed with one of these proteins, subsequent release took place within a day 

[1,2]. In contrast to this burst-release, the release of basic Fibroblast Growth Factor 

(bFGF) from these films has been reported to be sustained for days when using 5 ml 

serum-containing release medium that was replaced every day [3]. 

To investigate the effects of a slow releasing growth factor, we pre-adsorbed 

heparinized and non-heparinized films with bFGF and used these films as substrate 

for the culture of CD34+ hematopoietic progenitor cells (HPCs) obtained from G-CSF 

mobilized peripheral blood. The interactions of bFGF with ECM components [4] and 

heparin [3, 4] have been widely studied. This growth factor is involved in the 

proliferation and differentiation of numerous cell types and is thought to play an 

important role in hematopoiesis [5-10]. In has been reported that bFGF stimulates 

myelopoiesis and HPC adhesion [6], modulates erythropoiesis [7, 8] and mediates the 

expansion of murine hematopoietic stem cells (HSCs) [9, 10]. 

Therefore, we did some preliminary investigations into the effects of bFGF, pre-

adsorbed onto heparinized and non-heparinized crosslinked collagen films, on HPC 

expansion, cell adhesion and erythroid differentiation. 

 

 

2. Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Heparinized crosslinked collagen film preparation 

Collagen films were prepared from type I insoluble collagen and subsequently 

crosslinked, heparinized and characterized as described before [1].  
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2.3. Hematopoietic cell culture  

Circular films (d = 15 mm, thickness = 50 μm, weight ~ 3 mg) were cut out of 

heparinized and non-heparinized crosslinked collagen films and rinsed with 70 % 

ethanol. The circular films were fixed with Viton O rings in wells of a 24-well TCPS 

culture plate (Corning, NY, USA) and incubated overnight at 37 ˚C with a solution of 

penicillin (200 U/ml) and streptomycin (200 μg/ml; both from Gibco BRL, Paisley, 

UK). Before cell seeding, the films were incubated once more overnight at room 

temperature with 300 μl of a phosphate-buffered saline solution (PBS, B. Braun 

Medical, Oss, The Netherlands) containing 0.1 (wt)% BSA with or without 1 μg/ml 

bFGF (R&D systems, Minneapolis, USA).  

Human CD34+ cells, isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood, were obtained from 

the Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and subsequently seeded onto the 

heparinized and non-heparinized films, cultured and characterized as described before 

[1].  

 

2.6. Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 2 experiments 

performed in duplicate. Statistical analyses were performed using an unpaired two-

tailed t-test. Results were considered significantly different at p values < 0.05. 

 

 

3.  Results  

3.1. Preparation of heparinized collagen films  

Collagen films were crosslinked and heparinized using EDC and NHS and 

characterized as previously described [11]. After crosslinking, the increased shrinkage 

temperature of the collagen films (from 59 ˚C to 76 ˚C) and the decreased number of 

primary amino groups per 1000 amino acid residues (from 27 to 16) indicated that the 

collagen was crosslinked. As reported previously, 23 ± 4 μg heparin was immobilized 

per mg of crosslinked collagen film [11]. Toluidine blue staining throughout the 
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thickness of the films indicated that the heparin was immobilized both on the surface 

and in the bulk of the films. 
 

 

3.2. Pre-adsorbed bFGF and HPC adhesion 

CD34+ selected cells (ca. 90 % CD34+) were seeded onto heparinized and non-

heparinzed crosslinked collagen films that were incubated overnight at room 

temperature with 300 μl PBS containing bFGF (1 μg/ml). The number of cells 

adhering to bFGF pre-adsorbed films increased dramatically during the second wk of 

CD34+ cell culture (figures 1 and 2).  

 
Figure 1. Number of viable cells (7AAD- and CD45+) adhering to the surfaces during cell culture using 

heparinized crosslinked collagen films with or without pre-adsorbed bFGF, determined from two 

independent experiments performed in duplicate (± S.E.M.). 

 

Figure 2. Number of viable cells (7AAD- and CD45+) adhering to the surfaces during cell culture using 

crosslinked collagen films with or without pre-adsorbed bFGF, determined from two independent 

experiments performed in duplicate (± S.E.M.). * Indicates a significant difference compared to the culture 

on crosslinked collagen films without pre-adsorbed bFGF. 
 



Hematopoietic progenitor cell culture on bFGF pre-adsorbed heparinized and non-
heparinizedcrosslinked collagen films: preliminary results 

 

  93 

Less cells adhered to non-heparinized crosslinked collagen films as compared to 

heparinized films, especially when the films were not pre-adsorbed with bFGF.  

The number of CD34+ cells among the cells adhering to the heparinized and non-

heparinized crosslinked collagen films during cell culture on bFGF pre-adsorbed films 

was not higher, as compared to films without bFGF (50 – 60 % after 1 wk and 5 - 8 % 

after 2 wks).  
 

3.3.Pre-adsorbed bFGF and HPC expansion  

Under the described conditions, the total number of cells increased 10-fold and-6 fold 

during CD34+ cell culture on heparinized films with and without pre-adsorbed bFGF, 

respectively (figure 3). 

 

Figure 3. Total number of viable cells (sum of adherent and non-adherent cells (7AAD- and CD45+)) during 

cell culture using heparinized crosslinked collagen films with or without pre-adsorbed bFGF, determined 

from two independent experiments performed in duplicate (± S.E.M.). 
 

The use of bFGF pre-adsorbed crosslinked collagen films as substrate for the culture 

of CD34+ cells resulted in a 2-fold expansion of viable cells after 2 wks (figure 3), but 

no expansion of CD34+ cells (data not shown).  

When using heparinized films pre-adsorbed with bFGF as culture substrate, the 

CD34+ cells expanded 1.5 ± 0.4 times during the first wk of HPC culture. This is a 

small improvement compared to the use of heparinized films without pre-adsorbed 

bFGF, as no CD34+ cell expansion was obtained in that case [11]. However, the 

number of CFUs among the non-adherent cells in culture decreased when using bFGF 

pre-adsorbed heparinized films instead of heparinized films without bFGF (table 1). 

The use of bFGF pre-adsorbed non-heparinized films resulted in a small number of 
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CFUs among the cells after 1 wk (table 1), in contrast to non-heparinized films 

without bFGF, where no CFUs were found (data not shown). 
 

Table 1. Colony Forming Units (CFUs) per 103 non-adhering cells in cultures using heparinized crosslinked 

collagen films with or without pre-adsorbed bFGF. At cell seeding, the cell population contained 88 CFUs 

per 103 cells, of which 39-46 % were erythroid CFUs (either BFU-E or CFU-E). Among the erythroid CFUs 

the percentage of BFU-E colonies was about 90-100% at cell seeding. 

 Week 1 Week 2 
 CFUs Erythroid 

CFUs 
BFU-E  CFUs Erythroid 

CFUs 
BFU-E  

Heparinized films, 
without bFGF 146 62 % 29 % 88 83 % 11 % 

bFGF pre-adsorbed 
heparinized films 105 72 % 11 % 57 84 % 19 % 

bFGF pre-adsorbed  
non-heparinized films 23 91 % 5 % 0 - - 
 

 

3.4.Pre-adsorbed bFGF and HPC differentiation 

During cell expansion using heparinized films the percentage of erythroid CFUs was 

only slightly increased during the first week of culture by pre-adsorbed bFGF (table 

1). Additionally, after 2 wks the same number of CD36+ cells as percentage of the 

total cell population was found when using heparinized films with or without pre-

adsorbed bFGF (about 50 %). A higher percentage of BFU-E cells remained after 2 

wks among the erythroid CFUs when heparinized crosslinked collagen films pre-

adsorbed with bFGF were applied (table 1).  

 

 

4.  Discussion and conclusions 

In this study, we present the use of heparinized and non-heparinized crosslinked 

collagen films either pre-adsorbed with bFGF or not as substrate for the culture of 

CD34+ HPCs. During the second wk of CD34+ cell culture on these substrates the 

number of adhering cells increased dramatically. It has been reported that the number 

of hematopoietic cells adhering to stroma in long-term bone marrow cultures was 

increased by bFGF added to the culture medium [6]. To relate the concentration of 

bFGF in the culture medium used in he present study to cell adhesion, the release rate 

of bFGF into the medium under culture conditions needs to be investigated. 

On bFGF pre-adsorbed heparinized films the total cell expansion was 10 times after 2 

wks, while on bFGF pre-adsorbed non-heparinized films the total cell population 

expanded 2-fold. Using heparinized films, CD34+ cell expansion during the first wk 
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was only slightly improved (1.5 times) by pre-adsorption of bFGF. Previously, non-

heparinized films never supported the culture of hematopoietic cells [11], not even 

after pre-adsorption of SDF-1α or IL-3 [1, 2]. Although CD34+ cell-survival did not 

improve, the total cell expansion on bFGF pre-adsorbed crosslinked collagen films 

illustrates that these films, under certain conditions, could be used as culture substrate 

for hematopoietic cells. However, heparinization is still required in order to support 

CD34+ cell expansion. 

The presence of bFGF in the culture medium was expected to influence erythroid 

differentiation [7, 8] rather than to expand progenitor cells, as this has only been 

reported for murine HSCs [9, 10]. The number of CFUs among the expanded cells did 

not increase by using heparinized films pre-adsorbed with bFGF as culture substrate. 

The differentiation of CFUs into the erythroid lineage was only partially stimulated by 

bFGF pre-adsorbed onto heparinized films, as a slightly higher percentage of BFU-E 

cells remained after 2 wks. This would indicate that only the early stages of 

erythropoiesis, but not further differentiation, were stimulated by bFGF, 

corresponding to literature data [8]. In short, these results show that culturing of HPCs 

on heparinized and non-heparinized crosslinked collagen films pre-adsorbed with 

bFGF, mainly led to an increase in the number of adhering and non-adhering cells, as 

compared to films which did not contain bFGF. The expansion of CD34+ cells and 

erythroid differentiation during HPC culture were not significantly improved by pre-

adsorbed bFGF. 
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Abstract 

A bioreacor-based system to achieve proliferation and controlled differentiation of 

hematopoietic stem and progenitor cells (HSCs and HPCs) is of great clinical interest 

and provides a model to investigate hematopoiesis. In the present study, a packed bed 

of SDF-1α pre-adsorbed heparinized crosslinked collagen beads was compared with 

SDF-1α pre-adsorbed heparinized crosslinked collagen films as culture substrate for 

the expansion of CD34+ cells. 

Beads were prepared from soluble type I collagen and subsequently crosslinked and 

heparinized, both by means of EDC/NHS chemistry. Heparin was immobilized to an 

extent of 19 ± 3 μg per mg of beads. At an SDF-1α concentration of 1.11 μg/ml, the 

adsorption of SDF-1α was 77 ± 9 ng per mg of heparinized crosslinked collagen 

beads. During 2 wks 70 % of the chemokine was released when employing half 

medium changes twice a wk.  

CD34+ cells were cultured serum-free on SDF-1α pre-adsorbed heparinized 

crosslinked collagen beads. Pre-adsorption of SDF-1α to the beads did not 

significantly improve cell retention in the packed bed of beads. Serum-free cultures 

using these beads gave a 3-fold expansion of CD34+ cells, whereas these cells did not 

expand on SDF-1α pre-adsorbed heparinized crosslinked collagen films. Total cell 

expansion was similar for both substrates. The Colony Forming Units (CFUs) in cell 

cultures using beads remained more primitive and showed less preference for the 
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erythroid lineage compared to the cultures using films. The improved expansion of 

CD34+ cells in cultures using SDF-1α pre-adsorbed heparinized crosslinked collagen 

beads can be further exploited by developing a bioreactor for hematopoietic cell 

culture.  

 

  

1.  Introduction 

The in vitro proliferation and controlled differentiation of hematopoietic stem and 

progenitor cells (HSCs and HPCs) is of great interest for application in bone marrow 

transplantation. The use of bioreactors containing three-dimensional structures to 

mimic the bone marrow is expected to improve the expansion of these hematopoietic 

cells. In adults, the bone marrow is the principle site of hematopoiesis. It is generally 

accepted that the bone marrow contains microenvironments for HSCs in which these 

cells interact with stromal cells, extracellular matrix (ECM) components and 

cytokines [1,2]. There are several reports that claim good HPC expansion by using a 

bioreactor [3-10] or a three-dimensional culture system [11-13]. 

Collagen type I is one of the important components of the bone marrow ECM. It can 

be processed into structures like films, beads and sponges, which are suitable for cell 

culture. Additionally, collagen can be chemically modified [14] with compounds 

present in the microenvironments of the bone marrow. This can be done with 

glycosaminoglycans (GAGs), since these are involved in keeping the ECM in a 

hydrated state and play an important role in chemokine function [15-20].  

Previously, we demonstrated that CD34+ HSCs can be cultured on heparinized 

crosslinked collagen films. Heparin served as a model compound for the ECM 

component heparan sulfate. Heparinization improved CD34+ cell survival and 

expansion of Colony Forming Units (CFUs) in the erythroid lineage. After 2 wks, 

total viable cell expansion was 5-fold [21]. Heparin and heparan sulfate are known to 

bind the chemokine stromal cell-derived factor-1α (SDF-1α, 8 kDa) [22,23]. The 

binding of SDF-1α by heparan sulfate is thought to facilitate HSC homing and 

adhesion [23]. SDF-1α plays a role in the development of the marrow in the bone and 

is produced by HSC supporting osteoblasts [24]. SDF-1α also plays a role in the 

retention of erythroid progenitors in the bone marrow until they are released when 

mature [25]. Pre-adsorption of SDF-1α on heparinized crosslinked collagen films 

resulted in a 2-fold increase in the number of adhering cells 1 h after CD34+ cell 
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seeding. Improved cell adhesion upon seeding was followed by a higher number of 

CFUs among the adhering cells after 4 d of culturing [26]. An expansion of CD34+ 

cells, however, was not achieved using heparinized crosslinked collagen films with or 

without pre-adsorbed SDF-1α. 

Here we compare a three-dimensional packed bed of heparinized crosslinked collagen 

beads with two-dimensional heparinized crosslinked collagen films as culture 

substrates for the expansion of CD34+ cells. 

 

 

2.  Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Collagen bead preparation 

Solid collagen beads were prepared by emulsification [27]. Acid-soluble collagen type 

I derived from calf skin (Elastin Products Co. Inc., Missouri, USA) was dissolved 

overnight in 0.5 M acetic acid solution (0.05 g in 5 ml) at 4 ˚C. The collagen solution 

was neutralized using a NaOH solution and added dropwise to stirred paraffin oil at 

37 ˚C. The emulsion was further stirred for 2 h at 1000 rpm to let the collagen drops 

reconstitute. Water was added and the beads were removed from the aqueous phase. 

Subsequently, the beads were washed with ethanol (5 min) and water (30 min).  

Collagen films were prepared from type I insoluble collagen derived from bovine 

achilles tendon as previously described [21].  

The beads and films were crosslinked using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC; Fluka, Buchs, Switzerland) and N-

hydroxysuccinimide (NHS) [14]. The structures were first incubated in 2-

morpholinoethane sulfonic acid (MES) buffer (0.05 M, pH 5.5) for 30 min at room 

temperature. They were then transferred to the crosslinking solution, containing 2.3 g 

EDC and 0.56 g NHS in 215 ml MES-buffer per g of collagen (molar ratio of 

EDC/NHS = 2.5). After 2 h incubation under gentle shaking, the structures were 

placed in a 0.1 M Na2HPO4 solution (pH 9.2, Merck, Darmstadt, Germany) for 2 h to 

stop the reaction and then rinsed with demineralized water for three times 30 min. 
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2.3. Heparin immobilization 

Crosslinked beads and films were subsequently heparinized. The structures were first 

incubated in MES buffer (0.05 M, pH 5.6) for at least 30 min at room temperature. 

The carboxylic acid groups of heparin (from porcine mucosa, MW 6000-30000, 

activity>160 IU/mg) were pre-activated for 10 min. This was done by means of 0.43 g 

EDC and 0.16 g NHS in 188 ml of a 2 (wt)% heparin solution in MES-buffer [14]. 

The crosslinked collagen (1 g) was heparinized for 2 h in the EDC/NHS-activated 

heparin solution. Subsequently the reaction was terminated by immersion of the beads 

and films in 0.1 M sodium phosphate. The heparinized structures were then washed in 

2 M NaCl (24 h), 4 M NaCl (4 times 24 h) and MilliQ water (3 times 24 h). 

Before cell culture beads with a diameter <500 µm were obtained by sieving (ASTM 

E11 nr 35, Endecotts Ltd). Micrographs (magnification 5x) of the beads suspended in 

phosphate buffered saline (PBS, B. Braun Medical, Oss, The Netherlands) were used 

to measure the size of the beads in order to calculate the average size and size 

distribution. Size measurements and calculations were done with Scion Image™ 

computer software.  
 

2.4. Characterization of materials 

The shrinkage temperature (Ts) of (crosslinked) collagen was determined using 

Differential Scanning Calorimetry (DSC) as described before [21]. This temperature, 

at which the collagen sample undergoes thermal denaturation, is used as a measure of 

the crosslink density [28].  

The residual number of free primary amino groups in (crosslinked) collagen was 

determined spectrophotometrically after reacting with 2,4,6-trinitrobenzenesulfonic 

acid (TNBS; Fluka) [29]. 

The heparin content of the samples was determined by a colorimetric method based 

on the binding of toluidine blue and by using 3H-labelled heparin [21].  
 

2.5. SDF-1α loading and release 

Human recombinant SDF-1α (R&D systems, Minneapolis, USA) was labelled with 
125I using Iodobeads [26] in order to study the binding of SDF-1α and subsequent 

release from heparinized and non-heparinized crosslinked collagen beads.  

Crosslinked collagen beads (4 mg, non-fractionated) with and without immobilized 

heparin were incubated overnight at 37 °C in a solution of penicillin (200 U/ml) and 
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streptomycin (0.2 mg/ml; both from Gibco BRL, Paisley, UK). After rinsing three 

times with PBS the samples were incubated overnight at room temperature in 1 ml of 

a 125I-labelled SDF-1α solution (1.11 μg/ml) in PBS containing 0.1 (wt)% BSA. 

Thereafter, the samples were rinsed 3 times with PBS and their radioactivity was 

measured using a Compugamma 1282 γ-counter (LKB, Stockholm, Sweden).  

The release of SDF-1α was determined at 37 °C by placing heparinized and non-

heparinized crosslinked collagen beads pre-adsorbed with 125I-labelled SDF-1α in 0.5 

ml culture medium (see below) containing 0.02 (wt)% NaN3. Half of the medium was 

refreshed twice a wk, after which the radioactivity of the removed medium was 

measured. At the end of the release period (2 wks), the radioactivity remaining 

associated with the beads was measured as well.  
 

2.6. Hematopoietic cell culture  

Heparinized crosslinked collagen films (d = 15 mm) and beads (<500 μm) were rinsed 

with 70 % ethanol. The circular films were fixed with Viton O rings in the wells of a 

24-well tissue culture polystyrene (TCPS) culture plate (Corning, NY, USA), yielding 

a surface area of 1.5 cm2. Packed beds of 4 mg of crosslinked collagen beads 

consisted of at least two layers and had an approximate volume of 0.19 cm3, a surface 

area of 7.4 ± 0.8 cm2 and porosity of 70 % (calculated from the number of beads per 

ml and the average volume of the beads).  

The beads and fixed films were incubated overnight at 37 ˚C in a solution of 200 U/ml 

penicillin and 0.2 mg/ml streptomycin. Before cell seeding, the films and beads were 

incubated once more overnight at room temperature in a PBS solution containing 0.1 

(wt)% BSA and 1.11 μg/ml SDF-1α. The beads were transferred to the wells of a 24-

well ultra low adherence culture plate (Corning, NY, USA).  

Human CD34+ cells isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood were obtained from 

the Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and subsequently cultured in a 

serum-free medium consisting of IMDM (with GlutaMAX I, Gibco), 1 (wt)% BSA, 

100 U/ml penicillin, 0.1 mg/ml streptomycin, 10 μg/ml recombinant human insulin, 

200 μg/ml human partially iron-saturated holo-transferrin, 10 ng/ml TPO, 10 ng/ml 

IL-3, 100 ng/ml SCF, 50 ng/ml Flt3/Flk2-ligand. All four cytokines were from 
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recombinant human origin (R&D systems). The cells were seeded by adding 0.5 ml of 

a cell suspension with a density of 1·105 cells/ml onto the heparinized collagen 

structures. In order to pack the cell-seeded beads, they were covered with a Transwell 

membrane insert (polycarbonate membrane with 8 μm pores, Corning, NY, USA). 

The cells were cultured at 37 ˚C in a humidified 5 % CO2 atmosphere. Half of the 

medium was exchanged twice a wk. The first medium exchange for the cultures 

containing beads was replaced by adding 0.5 ml fresh culture medium in the 

Transwell insert. Thereafter, 0.5 ml medium in the insert was refreshed twice a wk. 

During cell culture two cell fractions were obtained. The cells that did not adhere to 

the films were removed by gentle pipetting. Non-adherent cells and beads were 

separated by filtration (MACS pre-separation filters, Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany). After rinsing the surfaces with PBS containing 1 (wt)% BSA 

and subsequent incubation in Cell Dissociation Solution (CDS), for 20 min at room 

temperature, the adhering cells were obtained. Dissociated cells were separated from 

the beads by filtration as described. 

Flowcytometric phenotyping was performed using anti-CD45-FITC, anti-CD34-PE 

and 7AAD vitality dye (all from Immunotech, Marseille, France). Isotype-identical 

antibodies were used as control and for quantification Flow-Count beads were added 

to the samples. Cells were counted and analyzed using a Cytomics FC500 flow 

cytometry system (Beckman Coulter, Fullerton, USA). Moreover, differentiation was 

evaluated by Colony-Forming Unit (CFU) assays. For CFU analysis, samples 

containing 103 cells were taken from the HPC culture, subsequently cultured in 

MethoCult (StemCell Technologies, Meylan, France) and scored after 2 wks.  
 

2.7 Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 2 experiments 

performed in duplicate. Statistical analyses were performed using an unpaired two-

tailed t-test. Results were considered significantly different at p values < 0.05. 

 

 

3.  Results and discussion 

3.1  Heparinized crosslinked collagen bead preparation 

The collagen beads obtained after emulsification had a smooth surface and diameters 

ranging from 0.1 to 1 mm (figure 1).  
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Figure 1: Lightmicroscopy image of collagen beads in PBS. 
 

After sieving, the beads had an average diameter of 405 ± 83 μm. The shrinkage 

temperature of the collagen beads increased from 53 ˚C to 72 ˚C after crosslinking. 

The number of free primary amino groups per 1000 amino acid residues decreased 

from 27 to 17. The decrease in the number of free primary amino groups and increase 

in shrinkage temperature demonstrate that the collagen was crosslinked. 

The toluidine blue assay indicated that 19 ± 3 μg heparin was immobilized per mg of 

crosslinked collagen beads. This was confirmed with radio-labelled heparin, of which 

17 ± 4 μg was immobilized per mg of collagen. Furthermore, 23 ± 4 μg heparin was 

immobilized per mg of crosslinked collagen film [21]. Toluidine blue staining was 

observed throughout the volume of the beads and films, demonstrating that heparin 

was immobilized both on the surface and in the bulk. These results are in agreement 

with previously reported data [14]. 
 

3.2. SDF-1α adsorption and release 

At the described conditions the heparinized crosslinked beads bound 28 ± 3 % of 125I-

labelled SDF-1α while non-heparinized crosslinked collagen beads bound 21 ± 2 %. 

This corresponds to 77 ± 9 ng and 58 ± 5 ng SDF-1α per mg of beads, respectively. 

Overnight incubation with a solution of penicillin and streptomycin in PBS did not 

influence the binding of SDF-1α. As previously reported, 25 ± 4 ng and 18 ± 2 ng 

SDF-1α adsorbed per mg of heparinized and non-heparinized crosslinked collagen 

films, respectively [26].  

Upon heparinization of the crosslinked collagen beads and films, the increase in the 

amount of adsorbed SDF-1α was comparable (33 % and 39 % respectively). The 

amount of bound SDF-1α did not double after heparinization, as reported for bFGF 

binding to heparinized crosslinked collagen films [30]. Previously, we explained the 
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relatively small contribution of immobilized heparin to the binding of SDF-1α in 

terms of unfavourable heparin conformations [26]. This explanation probably also 

applies for the beads. In contrast to the collagen films, the beads were prepared from 

soluble collagen. The more gel-like structure of the collagen beads can probably 

accommodate more SDF-1α than the dense collagen films.  

Because during cell culture half of the medium was changed twice a wk, the release of 
125I-labelled SDF-1α was determined accordingly (figure 2A).  

Figure 2. Release of SDF-1α from heparinized and non-heparinized crosslinked collagen beads into 0.5 ml 

culture medium, employing half medium changes twice a week. Beads (4 mg) were pre-adsorbed overnight 

in 1 ml SDF-1α solution (1.11 μg/ml). The SDF-1α concentrations were determined using 125I-labelled SDF-

1α. 
 

During 2 wks 77 % of the chemokine was released both from the heparinized and 

non-heparinized crosslinked collagen beads (figure 2B). This is more than from the 

films (40 % SDF-1α released after 2 wks) and is probably also due to the swollen gel-

like structure of the beads.  

A

B



Heparinized crosslinked collagen beads for culturing hematopoietic progenitor cells 
 

  105 

After 2 wks of release, the amount of SDF-1α remaining on the non-heparinized 

crosslinked collagen beads (13.4 ± 5.5 ng per mg of beads) was comparable to the 

amount remaining on the non-heparinized crosslinked collagen films (11.0 ± 0.3 ng 

per mg film). This indicates a similar interaction of SDF-1α with crosslinked beads 

made of soluble collagen and crosslinked films made of non-soluble collagen. 

Additionally, the amounts of the chemokine remaining on heparinized crosslinked 

collagen beads and films after 2 wks of release were also comparable. The SDF-1α 

remaining on the beads is probably strongly adsorbed, as previously found for the 

films [26].  

It was expected that the release of SDF-1α from heparinized crosslinked collagen 

beads would be slower compared to that from the non-heparinized beads. However, as 

with the films [26], this was not observed. This might be due to a relatively large 

amount of SDF-1α bound to the heparin and/or collagen via non-specific electrostatic 

interactions. 

 

3.3.1. Hematopoietic cell adhesion 

Serum-free culturing of CD34+ cells was performed using SDF-1α pre-adsorbed 

heparinized crosslinked collagen films and beads. During the first wk of cell culture, 

the density of cells adhering to SDF-1α pre-adsorbed heparinized crosslinked collagen 

films and beads was similar (figure 3).  

 

Figure 3. The density of viable cells adhering to heparinized crosslinked collagen beads and films, 

determined from two independent experiments performed in duplicate (± S.E.M.). * Indicates a significant 

difference compared to SDF-1α pre-adsorbed heparinized crosslinked collagen films. 
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During wk 2, the number of adhering cells per cm2 increased more on the films than 

on the beads, indicating that the dense surface of the heparinized crosslinked collagen 

films was most suitable for adhesion of HPCs. During the 2 wk culture period, the 

total number of cells adhering on the heparinized crosslinked collagen beads with or 

without SDF-1α was higher than on the films, due to the 5-times larger surface area of 

the beads.  

Moreover, pre-adsorption of SDF-1α onto the beads did not increase the number of 

adhering cells during cell culture (figure 3). As reported before [26], we found that 

SDF-1α pre-adsorption increased the number of adhering cells on the crosslinked 

collagen substrates only upon cell seeding (data not shown). During cell culture the 

number of cells adhering to the beads never exceeded 20-30 %. Therefore, a packed 

bed of beads in a bioreactor requires a barrier to retain the remaining cells that do not 

adhere within the scaffold. 

Only during the first wk after cell seeding, a significant amount of CD34+ cells 

adhered to the heparinized crosslinked collagen beads. The density of CD34+ cells 

was lower on heparinized crosslinked collagen beads than on the films. SDF-1α pre-

adsorption did not influence the surface density of these cells (data not shown).  

CFU’s were present among the cells adhering to the heparinized crosslinked collagen 

beads and films. At day 4, the number of CFUs adhering per surface area was highest 

on the beads (table 1).  
 

Table 1. Number of colony-forming units per surface area (CFUs/cm2) at day 4 among the adhering cells in 

cultures using heparinized crosslinked collagen beads and films. 

 CFU-GEMM BFU/CFU-E CFU-G/M Erythroid % 
Heparinized collagen beads 
pre-adsorbed with SDF-1α 0 80 8 91 % 

Heparinized collagen beads 
without pre-adsorbed SDF-1α 0 72 20 78 % 

Heparinized collagen films 
pre-adsorbed with SDF-1α 0 12 5 69% 

 

However, during wk 2 the number of adhering CFUs decreased on the beads and 

increased on the films, resulting in a higher amount of adhering CFUs per surface area 

on the films at d 14 (table 2). Interestingly, SDF-1α pre-adsorbed heparinized 

crosslinked collagen beads maintained a higher amount of adhering erythroid CFU’s, 

compared to the beads without the chemokine (table 2). The CXCR4 receptor for 

SDF-1α is functional on erythroid progenitors and is thought to be involved in their 
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retention in the bone marrow [31]. Therefore, SDF-1α could have improved erythroid 

CFU adhesion to the beads.  
 

Table 2. Number of colony-forming units per surface area (CFUs/cm2) at day 14 among the adhering cells in 

cultures using heparinized crosslinked collagen beads and films. 

 CFU-GEMM BFU/CFU-E CFU-G/M Erythroid % 
Heparinized collagen beads 
pre-adsorbed with SDF-1α 0 32 16 67 % 

Heparinized collagen beads 
without pre-adsorbed SDF-1α 0 10 20 33 % 

Heparinized collagen films 
pre-adsorbed with SDF-1α 0 119 20 86% 

 

3.3.2. Hematopoietic cell expansion  

After culturing CD34+ cells using SDF-1α pre-adsorbed heparinized crosslinked 

collagen beads the total viable cell expansion after 2 wks (10-fold) was comparable to 

the cell expansion obtained with SDF-1α pre-adsorbed heparinized crosslinked 

collagen films (figure 4).  

 

Figure 4. Total viable cell expansion (the sum of adherent and non-adherent cells (7AAD- and CD45+)), 

determined from two independent experiments performed in duplicate (± S.E.M.). 
 

Under the employed serum-free conditions only cell cultures using beads showed a 

transient 3-fold expansion of primitive CD34+ cells (figure 5). The expansion of 

CD34+ cells takes mainly place among the non-adhering cells. In the cultures using 

SDF-1α pre-adsorbed heparinized crosslinked collagen films the number of CD34+ 

cells steadily decreased. CD34+ cell expansions of 10-times have been reported for 

HPC cultures on collagen beads, but these were performed with cells from cord blood 

with either stroma cells present [12] or serum in the medium [11].  
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Figure 5. Expansion of CD34+ cells (the sum of adherent and non-adherent cells (7AAD-, CD45+ and 

CD34+)), determined from two independent experiments performed in duplicate (± S.E.M.). * Indicates a 

significant difference compared to SDF-1α pre-adsorbed heparinized crosslinked collagen films. 
 

Here the use of a three- instead of a two-dimensional culture substrate resulted in an 8 

times higher CD34+ expansion at d 4 (3.2 vs 0.4, respectively). This is higher than the 

3-5 times reported in literature for CD34+ cell expansion using two- and three-

dimensional culture substrates [9,12]. The improved expansion of CD34+ cells could 

be explained by reduced cellular crowding among the non-adhering cells, due to the 

increased surface area provided by the beads. For peripheral blood derived 

mononuclear cultures the high density of non-adherent cells has been reported to lead 

to an inhibitory local environment [32]. SDF-1α has been reported to slightly, but not 

significantly, increase CD34+ expansion [26, 33]. Therefore, the relatively high 

concentration of this chemokine in the culture medium due to release from the beads, 

could also have contributed to the obtained expansion. 

During 2 wks the numbers of CFU colonies were lower in the cultures using the beads 

as compared to the films (table 3 and 4). When using beads the numbers of CFUs in 

culture expanded from day 4 to 14. The numbers of CFUs in the cultures using films 

decreased. Despite a decrease in CFU-G/M numbers, the composition of the CFU 

population on the films changed from more primitive CFU-GEMM and BFU-E 

colonies into less primitive colonies (CFU-E + CFU-G/M, table 3 and 4). Using the 

beads the CD34+ population expanded transiently. Additionally, in the cell cultures 

using beads the CFUs expanded and remained more primitive, as shown by a higher 

number of BFU-E colonies (table 3 and 4). Kim et al. also found CFU expansion 
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when using collagen beads, but at higher total cell expansion ratios due to the use of 

cord blood cells and serum-containing medium [11]. 
 

Table 3.  Number of colony-forming units (CFUs) at day 4 among adhering and non-adhering cells in 

cultures using heparinized crosslinked collagen substrates pre-adsorbed with SDF-1α. At seeding, the cell 

population contained about 4400 CFUs, of which 43% were erythroid (either BFU-E or CFU-E). 

 CFU-GEMM BFU -E CFU-E CFU-G/M/GM % Erythroid 
Heparinized collagen beads 0 7176 1053 3520 72% 
Heparinized collagen films 114 16120 3720 7520 73% 

 

Table 4.  Number of colony-forming units (CFUs) at day 14 among adhering and non-adhering cells in 

cultures using heparinized crosslinked collagen substrates pre-adsorbed with SDF-1α. At seeding, the cell 

population contained about 4400 CFUs, of which 43% were erythroid (either BFU-E or CFU-E). 
 CFU-GEMM BFU -E CFU-E CFU-G/M/GM % Erythroid 

Heparinized collagen beads 0 9506 625 6520 61% 
Heparinized collagen films 0 1452 17428 2880 87% 
 

CFU analysis indicated that at the maximal CD34+ expansion at d 4 using the beads, 

the progenitor cells were mainly erythroid as was also found for the cultures using the 

films (table 3). After 2 wks of culture using the beads, the expanded cells were 

differentiated into both erythroid and granulocyte/macrophage lineages (61% 

erythroid), while the CFUs in the cultures with the films were mainly differentiated 

into the erythroid lineage (87 % as shown in table 4). 

 

 

4.  Conclusions 

The use of a packed bed of smooth heparinized crosslinked collagen beads as three-

dimensional substrate for CD34+ cell culture is presented.  The beads were made from 

materials that mimic the compounds found in the bone marrow.  

Collagen beads prepared from type I soluble collagen were crosslinked and 

heparinized using EDC/NHS chemistry. Heparin was immobilized to an extent of 19 

± 3 μg per mg of beads. At an SDF-1α concentration of 1.11 μg/ml, the adsorption of 

SDF-1α was 77 ± 9 ng SDF-1α per mg of heparinized beads. During 2 wks 70 % of 

the chemokine was released when employing half medium changes twice a wk. 

CD34+ cells obtained from peripheral blood were cultured serum-free in a packed bed 

of heparinized crosslinked collagen beads and on films, both pre-adsorbed with SDF-

1α. Using the described culture conditions, the cultures with beads gave a 3-fold 

expansion of the CD34+ population, in contrast to the cultures using films where the 
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CD34+ population was not expanded. Total viable cell proliferation in the cultures 

using beads was similar tot that of the cultures using films. CFU differentiation 

appears to proceed slower in the cultures using beads and with slightly less preference 

for the erythroid lineage. Pre-adsorption of the heparinized crosslinked collagen beads 

with SDF-1α resulted in a better retention of erythroid CFUs adhering to the beads 

during cell culture. 

A packed bed of heparinized crosslinked collagen beads can be used as culture 

substrate for HPC expansion. The use of a packed bed of beads results in a large 

surface area per volume of culture medium, which is favourable for large-scale 

hematopoiesis in a bioreactor system. Due to the small number of adhering cells as 

percentage of the total number of cells in culture, such a system will require a barrier 

to retain the non-adhering cells in the system.  
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Abstract 

A bioreactor-based system to expand and differentiate erythroid progenitors is of great 

clinical interest. Previously, we reported on the expansion of CD34+ cells in a packed 

bed of heparinized crosslinked collagen beads pre-adsorbed with SDF-1α. In the 

current study, packed beds of beads were used in a bioreactor system for the 

expansion and erythroid differentiation of CD34+ progenitor cells. 

Human peripheral blood derived CD34+ cells were cultured in a membrane-enclosed 

packed bed of SDF-1α pre-adsorbed beads in a bioreactor in which 50 ml of serum-

free medium containing IL-3, Flt3/Flk2-ligand, TPO and SCF was perfused around 

the membrane compartment. A 4-fold total cell expansion was obtained after 2 wks, 

with 50 % of the cells expressing CD36 and none of the cells expressing glycophorin 

A. During the first wk, CD34+ progenitor cells and CFUs expanded 1.6- and 9-fold, 

respectively. Of the expanded CFUs 80-90 % were erythroid. 

CD34+ cells were also cultured with the same medium in membrane-enclosed packed 

beds of heparinized crosslinked collagen beads placed in the wells of a culture plate, 

with half medium refreshments twice a week, resulting in a 2-fold total cell expansion 

and a 6-fold CFU expansion after 2 wks, without CD34+ cell expansion. The 

enhanced HPC expansion obtained in the bioreactor can be explained by a better 

maintenance of the culture medium composition (notably the pH) inside the PVDF 

membrane compartment as compared to the wells of a culture plate. 
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Differentiation of CD34+ cells in the bioreactor system with modified serum-free 

culture medium containing EPO and dexamethasone resulted in a 3.6-fold total cell 

expansion and a 16-fold CFU expansion in 2 wks. The CFUs were mainly late 

erythroid progenitors. About 70 % of the expanded cells expressed CD36 and 50 % 

expressed glycophorin A, indicating differentiation into erythroid precursor cells. 

These results show that serum- and stroma-free culturing of CD34+ cells in a 

membrane-enclosed packed bed of heparinized crosslinked collagen beads is feasible. 

The bioreactor allows the sequential use of culture media and can be modified for 

large-scale cell culture. Moreover, this system provides a model to study the role of 

extra-cellular matrix components and molecules like cytokines in the hematopoietic 

process. 

 

 

1.  Introduction 

Erythropoiesis comprises the process by which Hematopoietic Stem Cells (HSCs) 

differentiate through different stages of Hematopoietic Progenitor Cells (HPCs) into 

precursor cells and finally mature red blood cells. In adults, erythropoiesis results in 

the daily production of 2·1011 red blood cells. Cells produced during large scale in 

vitro erythropoiesis might be used for transfusion applications. Additionally, the in 

vitro expansion and controlled differentiation of HPCs is of great interest for 

application in bone marrow transplantation.  

There are several reports claiming successful erythropoiesis [1-3] and HPC expansion 

[4-8] in a bioreactor containing three-dimensional culture substrates. It is expected 

that the expansion of HPCs can be improved by culturing HPCs in a bioreactor system 

in which the bone marrow environment is mimicked. Furthermore, the mechanisms of 

hematopoiesis and processes such as stem cell mobilization and homing can be 

investigated using such bioreactors. Collagen type I is an important component of the 

bone marrow extracellular matrix (ECM). This protein can be processed into 

structures like beads, crosslinked and subsequently used for HPC culture [9, 10]. 

Additionally, crosslinked collagen can be modified with compounds present in the 

microenvironments of the bone marrow [11]. This can be done with 

glycosaminoglycans (GAGs), since these are involved in keeping the ECM in a 

hydrated state and play an important role in chemokine function [12-17]. 
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Previously, we presented the results of the serum-free culturing of CD34+ HPCs on 

heparinized crosslinked collagen films and beads. The use of heparinized crosslinked 

collagen films with and without pre-adsorbed SDF-1α as substrate for CD34+ cell 

culture resulted in a 5-fold total cell expansion after 2 wks, no expansion of CD34+ 

cells and a 6-fold expansion of colony-forming units (CFUs), mainly into the 

erythroid lineage [18]. SDF-1α was pre-adsorbed onto the films to increase cell 

adhesion. Upon cell seeding this resulted in a higher number of cells adhering onto 

heparinized films pre-adsorbed with SDF-1α than on heparinized films that were not 

pre-adsorbed with this chemokine [19]. When heparinized crosslinked collagen beads 

were used as cell culture substrate instead of heparinized crosslinked collagen films, a 

3-fold CD34+ cell expansion was obtained [20].  

In this study, we compare the use of membrane-enclosed packed beds of heparinized 

crosslinked collagen beads as cell culture substrate in a bioreactor system with culture 

medium perfusion around the membrane, with the use of membrane-enclosed packed 

beds of these beads in a culture plate employing half medium refreshments twice a 

wk. This comparison is done for both HPC expansion and the differentiation of HPCs 

into erythroid precursor cells.  

 

 

2.  Materials and methods 

2.1. Materials 

Unless otherwise indicated, all chemicals and biochemicals were obtained from 

Sigma-Aldrich (St. Louis, USA). Solvents were of analytical grade (Biosolve, 

Valkenswaard, The Netherlands). 
 

2.2. Heparinized collagen bead preparation 

Solid collagen beads were prepared from type I soluble collagen (Elastin Products Co. 

Inc., Missouri, USA) and subsequently crosslinked and heparinized using N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC; Fluka, Buchs, 

Switzerland) and N-hydroxysuccinimide (NHS) as previously described [20]. 
 

2.3. Characterization of materials 

The shrinkage temperature (Ts) of (crosslinked) collagen was determined using 

Differential Scanning Calorimetry (DSC) as described before [18]. This temperature, 
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at which the collagen sample undergoes thermal denaturation, is used as a measure of 

the crosslink density [21].  

The residual number of free primary amino groups in (crosslinked) collagen was 

determined spectrophotometrically after reacting with 2,4,6-trinitrobenzenesulfonic 

acid (TNBS; Fluka) [22].  

The heparin content of the samples was determined by a colorimetric method based 

on the binding of toluidine blue [18].  
 

2.4. Hematopoietic cell culture  

Circular films (d = 15 mm) were cut out of regenerated cellulose and polyvinylidene 

fluoride (PVDF) dialysis membranes (MWCO 25 and 1000 kDA, respectively; both 

Spectrum Laboratories Inc., Rancho Dominguez, USA). These films were used to 

investigate the suitability of the materials for enclosing the cells. Enclosure is 

necessary as during previous serum-free culturing of CD34+ cells on SDF-1α pre-

adsorbed beads under similar circumstances the number of cells adhering to the beads 

was low and even after pre-adsorption of SDF-1α on the beads never exceeded 20-30 

% of the cells available [20]. Dialysis membranes have been used before to retain 

hematopoietic cells in a bioreactor [1-3]. The circular films were washed with 70 % 

ethanol, fixed with Viton O rings in the wells of a 24-well cell culture plate (Corning, 

NY, USA) and incubated overnight at 37 ˚C in a solution of penicillin (200 U/ml) and 

streptomycin (200 μg/ml; both from Gibco BRL, Paisley, UK).  

Human CD34+ cells isolated using immuno-magnetic beads (MACS, Miltenyi 

Biotech, Auburn, USA) from G-CSF mobilized peripheral blood were obtained from 

the Medical Spectrum Twente Hospital. The procedures followed were in accordance 

with the policies of the Institutional Ethical Review Board of the Hospital Group 

(ECOM). The cryo-preserved cells were thawed and subsequently cultured in serum-

free medium consisting of IMDM (with GlutaMAX I), 1 (wt)% BSA, 100 U/ml 

penicillin, 0.1 mg/ml streptomycin, 10 μg/ml recombinant human insulin, 200 μg/ml 

human partially iron-saturated holo-transferrin, 20 ng/ml TPO, 10 ng/ml IL-3, 100 

ng/ml SCF, 50 ng/ml Flt3/Flk2-ligand (medium 1). All added cytokines were from 

recombinant human origin (R&D systems, Minneapolis, USA). The cells were seeded 

by adding 0.5 ml of a cell suspension with a density of 1·105 cell/ml onto the films 

and cultured for 1 wk at 37˚C in a humidified 5 % CO2 atmosphere. Half of the 

medium was exchanged at d 4.  
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The cell cultures in membrane-enclosed packed beds of beads were performed in 

tubes made from PVDF dialysis membrane (MWCO 1000 kDa). The tubes were 

washed with 70 % ethanol and incubated overnight at 37 ˚C in a solution of penicillin 

(200 U/ml) and streptomycin (200 μg/ml), rinsed with PBS and incubated once more 

overnight at 37˚C with PBS containing 1 (wt)% BSA (66 kDa) and 200 µg/ml human 

partially iron-saturated holo-transferrin (80 kDa). Before use, the tubes were rinsed 

with PBS.  

Heparinized crosslinked collagen beads were rinsed with 70 % ethanol and incubated 

overnight at 37˚C in a solution of penicillin (200 U/ml) and streptomycin (200 μg/ml). 

Before cell seeding, the beads were incubated once more overnight at room 

temperature in a PBS solution containing 0.1 (wt)% BSA with 1,11 μg/ml SDF-1α 

[20]. The beads were subsequently rinsed with PBS and IMDM (with Glutamax I, 

Gibco) before 0.25 ml of beads in medium (ca. 4 mg of beads, with d < 500 μm) was 

transferred into the PVDF tubes. The loosely packed bed of heparinized crosslinked 

collagen beads inside the PVDF tubes had an approximate volume of 0.19 cm3, a 

surface area of 7.4 cm2 and a porosity of about 70 % (calculated from the number of 

beads per ml and the average volume of the beads). 

The serum-free culture medium used for expanding progenitor cells in membrane-

enclosed packed beds of beads was the same as described above for the culturing on 

films (medium 1). For erythroid differentiation, the serum-free medium consisted of 

IMDM (with GlutaMAX I), 1 (wt)% BSA, 10 μg/ml insulin, 120 μg/ml human 

partially iron-saturated holo-transferrin, 90 ng/ml Fe(NO3)3, 900 ng/ml FeSO4, 10-6 M 

dexamethasone, 5 ng/ml IL-3, 100 ng/ml SCF and 3 IU/ml Epo (medium 2) [23]. 

Cells were seeded by adding 0.25 ml of a cell suspension with a density of 2·105 

cells/ml to 0.25 ml of beads present inside the PVDF tubes. The cells were cultured at 

37 ˚C in a humidified 5 % CO2 atmosphere. The tubes containing the cell-seeded 

beads were placed either in: A) a bioreactor unit (Minucells and Minutissue Vertriebs 

GmbH, Germany) or B) the wells of a 24-well tissue culture plate (Corning, NY, 

USA), as illustrated in figure 1.  
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Figure 1. Schematic representation of A) the bioreactor system containing packed beds of beads enclosed in 

PVDF membranes and B) the culture in PVDF-enclosed packed beds of beads in a culture plate. 
 

The tubes with cell-seeded beads placed in a culture plate were immersed in 0.5 ml of 

culture medium. Half of the culture medium in the culture plates was exchanged twice 

a wk. Two tubes with cell-seeded beads were placed in the bioreactor, one sample for 

each time point during cell culture. The bioreactor contained 50 ml of culture 

medium, which was circulated around the tubes with cell-seeded beads with a flow 

rate of 0.05 ml per min. The culture medium in the bioreactor was refreshed after 1 

wk. 

 

2.5. Characterization of hematopoietic cells  

During cell culture using the films of the dialysis membranes and membrane enclosed 

beads 2 cell fractions (adherent and non-adherent cells) were obtained. The cells that 

did not adhere to the films were removed by pipetting. The adhering cells were 

obtained after rinsing the films with PBS containing 1 (wt)% BSA and subsequent 

incubation in Cell Dissociating Solution (CDS) for 20 min at room temperature.  

Non-adherent cells and beads with adhering cells were first separated by filtration 

(MACS pre-separation filters, mesh size 30 μm, Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany). After rinsing the beads with PBS containing 1 (wt)% BSA and 

subsequent incubation in Cell Dissociation Solution (CDS), for 20 min at room 

temperature, the fraction of adhering cells was obtained. Cells dissociated from the 

beads were separated from the beads by filtration as described above. 
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Flowcytometric phenotyping was performed using anti-CD45-FITC, anti-CD34-PE, 

anti-CD34-ECD, anti-CD36-FITC, anti-CD235A-PE and 7AAD vitality dye (all from 

Immunotech, Marseille, France). Isotype-identical antibodies were used as control and 

for quantification Flow-Count beads were added to the samples. Cells were counted 

and analyzed using a Cytomics FC500 flow cytometry system (Beckman Coulter, 

Fullerton, USA). Moreover, differentiation of the cells was evaluated by Colony-

Forming Unit (CFU) assays. For CFU analysis, samples containing 103 cells were 

taken from the HPC culture, subsequently cultured in MethoCult (StemCell 

Technologies, Meylan, France) and scored after 2 wks. The number of CFUs adhering 

to the beads as well as the number of non-adherent CFUs were determined. For 

quantification of the adherent CFUs, the cells were first removed from the films using 

CDS. 
 

2.6 Statistical analysis 

Data represent mean ± standard error of the mean (S.E.M.) of 3 experiments. 

Statistical analyses were performed using an unpaired two-tailed t-test. Results were 

considered significantly different at p values < 0.05. 

 

 

3.  Results and discussion 

3.1 Cell adhesion and retention 

Collagen beads were prepared as previously reported [20]. Crosslinking of the beads 

increased the shrinkage temperature from 54 ˚C to 76 ˚C and decreased the number of 

primary amino groups per 1000 amino acid residues from 27 to 17. After 

immobilization of heparin onto the crosslinked beads, the beads contained 19 ± 3 μg 

heparin per mg of crosslinked collagen, as determined by the toluidine blue assay. 

These results are in agreement with previously reported data [11, 20]. 

CD34+ cell culture using films cut out of PVDF membranes with a MWCO of 1000 

kDa as culture substrate showed that no cells adhered to this membrane. Furthermore, 

the total cell expansion obtained when using PVDF films as culture substrate (data not 

shown) was comparable to the expansion obtained when using heparinized 

crosslinked collagen films as culture substrate [18]. Films of regenerated cellulose 

membranes gave a similar cell expansion, but with a fraction of the cells adhering to 
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the membrane (data not shown). Therefore, PVDF membranes were used to enclose 

the beads and cells for subsequent use in the bioreactor and culture plate. 
 

3.2. Progenitor cell expansion  

The total cell expansion (adhering and non-adhering cells) obtained during 2 wks of 

CD34+ cell culture with medium 1 in PVDF-enclosed packed beds of SDF-1α pre-

adsorbed heparinized crosslinked collagen beads placed in the wells of a culture plate 

was 2-fold, whereas cultures with the same beads without the PVDF membrane gave 

a 10-fold expansion [20]. The total viable cell expansion obtained after 2 wks of 

culturing CD34+ cells with medium 1 in PVDF-enclosed packed beds of heparinized 

crosslinked collagen beads pre-adsorbed with SDF-1α was not significantly improved 

when the PVDF-enclosed packed beds were used in the bioreactor instead of in the 

wells of a culture plate (figure 2).  

 
Figure 2. Total viable cell expansion (the sum of adherent and non-adherent cells (7AAD- and CD45+)), 

during cell culture in packed beds of beads with culture medium for HPC expansion (medium 1), 

determined from three independent experiments ( ± S.E.M.). 
 

 

The 1.6-fold expansion of CD34+ cells after 1 wk in PVDF-enclosed packed beds of 

heparinized crosslinked collagen beads, placed in a bioreactor, was significantly 

higher than the expansion obtained using the same PVDF-enclosed beads placed in 

the wells of a culture plate (figure 3). 
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Figure 3.  Expansion of CD34+ cells (the sum of adherent and non-adherent cells (7AAD-, CD45+ and 

CD34+)), during cell culture in packed beds of beads with culture medium for HPC expansion (medium 1), 

determined from three independent experiments ( ± S.E.M.). * Indicates a significant difference compared 

to the culture in PVDF-enclosed packed beds of beads performed in a culture plate. 
 

Whereas CD34+ cells did not expand using PVDF enclosed beads placed in the wells 

of a culture plate, previous cultures under similar conditions but without the PVDF 

membrane led to a 3-fold CD34+ cell expansion [20]. The results described above 

show that the presence of the PVDF membrane during cell culture leads to inferior 

results compared to cultures without the enclosing membrane. This may have been 

caused by the limited diffusion of oxygen, cytokines, nutrients and metabolites 

through the PVDF membrane. It has been reported that a low oxygen concentration 

improves HPC expansion [24]. On the other hand, a low pH due to accumulation of 

metabolites like lactate inhibits proliferation [25]. During culture in the wells of the 

culture plate, the color of the medium inside the PVDF compartment turned yellow, 

indicating a relatively low pH.  

The higher expansion rate obtained during cell culture in membrane-enclosed packed 

beds of beads used in the bioreactor was probably caused by improved diffusion of 

essential compounds through the membrane. The 4-fold total viable cell expansion 

obtained in the bioreactor was higher than the 2 to 3-fold expansion reported for a 

bioreactor system containing membrane-enclosed collagen beads seeded with bone 

marrow mononuclear cells [1-3].  

After 2 wks about 9-17 % of the cells adhered to the beads inside the PVDF 

compartment when used in a culture plate. During cell culture the density of cells 
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adhering to the SDF-1α pre-adsorbed heparinized crosslinked collagen beads 

remained stable at approximately 1500 cells/cm2, comparable to the densities 

previously found on beads not enclosed in a PVDF membrane [20]. The number of 

CD34+ cells and CFUs among the cells adhering to the SDF-1α pre-adsorbed 

heparinized beads was not influenced by the presence of the PVDF membrane (data 

not shown).  

In the bioreactor system the number of cells adhering onto the beads enclosed by the 

PVDF membrane and the number of CD34+ cells among these cells was comparable 

as when the membrane-enclosed beads were used in a culture plate [20]. In the 

bioreactor, the number of erythroid CFUs, as percentage of the total number of 

adhering CFUs, was 85 % after 1 wk, but only 51 % after 2 wks. The relatively low 

number of erythroid progenitors among the CFUs adhering to the SDF-1α pre-

adsorbed beads in the bioreactor system could have been caused by the large volume 

of medium that was circulated around the packed bed, enhancing the release of SDF-

1α from the beads, thereby reducing the effect of this chemokine on the adhesion of 

erythroid CFUs. When packed beds of heparinized beads pre-adsorbed with SDF-1α 

were used as culture substrate in a culture plate without PVDF membrane, the amount 

of erythroid CFUs remaining among the adhering CFUs after 2 wks decreased to 67 

%, as compared to 33 % when the beads were not pre-adsorbed with SDF-1α [20]. 

This shows that the number of erythroid CFUs that adhere to the heparinized beads 

during cell culture is influenced by the amount of SDF-1α adsorbed to the beads as 

well as the resulting concentration in the culture medium.  

The CFU expansion in packed beds of beads used in culture plates was not affected by 

the presence of PVDF membranes. During 2 wks of culturing CD34+ cells in packed 

beds of beads in culture plates, the numbers of non-adhering CFUs in the membrane-

enclosed packed beds (tables 1 and 2) were similar to the numbers of CFUs in packed 

beds in culture plates without PVDF membrane [20]. When PVDF-enclosed packed 

beds of beads were used in the bioreactor system instead of in culture plates, the 

expansion of non-adhering CFUs was 3-fold higher after 1 wk (table 1). After 2 wks 

the number of non-adhering CFUs among the cells were lower in the bioreactor than 

in the culture plate (table 2).  
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Table 1. Number of colony-forming units (CFUs) after 1 wk among the non-adhering cells in cultures in a 

PVDF-enclosed packed bed of heparinized crosslinked collagen beads, when using culture medium for HPC 

expansion (medium 1). The number of erythroid colonies (BFU-E and CFU-E) as percentage of the total 

number of CFUs is shown between brackets. At seeding, the cell population contained about 4400 CFUs, of 

which 43% were erythroid (either BFU-E or CFU-E). 

 Erythroid CFUs G/M/GM CFUs 
Culture plate 9618   (83%) 1986 
Bioreactor system 34008  (88%) 4668 

 
Table 2.  Number of colony-forming units (CFUs) after 2 wks among the non-adhering cells in cultures in a 

PVDF-enclosed packed bed of heparinized crosslinked collagen beads, when using culture medium for HPC 

expansion (medium 1). The number of erythroid colonies (BFU-E and CFU-E) as percentage of the total 

number of CFUs is shown between brackets. At seeding, the cell population contained about 4400 CFUs, of 

which 43% were erythroid (either BFU-E or CFU-E). 

 Erythroid CFUs G/M/GM CFUs 
Culture plate  14379 (83%) 3006 
Bioreactor system 11932 (81%) 2725 

 

During 2 wks of cell expansion in culture plates, the number of erythroid progenitors 

(CFU-E and BFU-E) as percentage of the total number of CFUs in PVDF-enclosed 

packed beds of beads was 83 % (tables 1 and 2). Compared to previous cell cultures 

using these packed beds of beads in culture plates without PVDF membrane [20], the 

number of erythroid progenitors as percentage of the total number of non-adhering 

CFUs was 10 - 20 % higher. This could have been caused by a lower oxygen 

concentration inside the PVDF bag, as compared to culture medium without PVDF 

enclosure, which improves erythroid CFU expansion [24]. However, the lower pH 

inside the PVDF compartment, as indicated by yellow coloured culture medium, 

could have reduced this effect [25, 26]. In the bioreactor, the relatively large volume 

of medium flowing around the membrane-enclosed packed beds prevented a large pH 

change, as indicated by the colour of the culture medium, resulting in a high transient 

erythroid CFU expansion. 

The number of CD36+ cells as percentage of the total cell population increased during 

wk 1 of cell culture, both in the membrane-enclosed packed beds of beads used in a 

culture plate and in the bioreactor (figure 4). In the bioreactor system the percentage 

of CD36+ cells among the cells in culture remained constant during wk 2, while it 

decreased when the culture was performed in a culture plate. In both cases 

glycophorin A was not significantly expressed by the expanded cells. Thus, CD36+ 

erythroid progenitors in a membrane-enclosed packed bed of beads show improved 
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proliferation and survival in the bioreactor system as compared to the wells of a 

culture plate.  

 

 
Figure 4.  Number of cells expressing HPC and erythroid antigens as percentage of the total cell population 

during 2 wks of cell culture with medium for HPC expansion (medium 1). The PVDF-enclosed cell cultures 

were performed in culture plates (A) and in the bioreactor (B). 
 

In short, the circulation of medium in the bioreactor system compensated for the 

reduction in total and CD34+ cell expansion caused by the membrane required to 

retain the cells in the reactor. Moreover, the bioreactor culture in a membrane-

enclosed packed bed of beads resulted in a large expansion of erythroid CFUs. The 

increased number of cells expressing CD36 and the absence of glycophorin A 

(CD235A) expression indicate that the expanded erythroid progenitors did not 

differentiate further into erythroblasts or more mature erythroid precursor cells. 
 

A 

B 
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3.3. Erythroid differentiation 

Additionally, CD34+ cells were cultured serum-free with medium containing Epo and 

dexamethasone (medium 2) in PVDF-enclosed packed beds of SDF-1α pre-adsorbed 

heparinized crosslinked collagen beads, using either a culture plate with half medium 

refreshments twice a week or a bioreactor system with medium perfusion around the 

membrane-enclosed packed beds. The total viable cell expansion after 2 wks of cell 

culture was higher in the bioreactor as compared to the culture plate (figure 5). CD34+ 

cells did not expand using this medium (figure 6). 

 
Figure 5. Total viable cell expansion (the sum of adherent and non-adherent cells (7AAD- and CD45+)), 

during cell culture in packed beds of beads with culture medium containing Epo and dexamethasone 

(medium 2), determined from three independent experiments ( ± S.E.M.). 

 
Figure 6.  Expansion of CD34+ cells (the sum of adherent and non-adherent cells (7AAD-, CD45+ and 

CD34+)), during cell culture in packed beds of beads with culture medium containing Epo and 

dexamethasone (medium 2), determined from three independent experiments ( ± S.E.M.). 
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The absence of CD34+ expansion using medium 2 was expected, since with this 

medium HPCs should differentiate instead of expand. The total cell expansion was 

lower than that obtained during HPC expansion with medium 1, as described above. 

The lower total cell expansion obtained with erythroid differentiation medium, as 

compared to HPC expansion medium, was also found for cultures on TCPS culture 

plates without beads (data not shown). The expansions during erythroid differentiation 

reported in literature are higher than the expansions obtained here. However, in those 

studies either CD36+ enriched cells [27] or co-cultures on stroma [23] were used. 

Cells adhered to the beads during HPC culture with medium containing Epo and 

dexamethasone. As before, the percentage of adhering cells never exceeded 30 % 

[20]. The phenotype of the adhering cells was similar to that of the non-adhering cells 

and the low numbers of CFUs that adhered were from the same lineages as the non-

adherent CFUs (data not shown). 

Total number of non-adhering CFUs in the packed beds was higher in cultures 

performed in the bioreactor system than in culture plates (table 3). An average 16-fold 

expansion was obtained after 2 wks of culturing in the bioreactor. The majority of 

CFUs in the packed beds was erythroid, both in the bioreactor and in the culture 

plates. The highest number of erythroid CFUs was found in the bioreactor system, 

where 90 % of the CFUs were erythroid after 2 wks of culturing. Most of the CFUs 

expanded in the bioreactor system were later stage CFU-E.  
 

Table 3. Number of colony-forming units (CFUs) among the non-adhering cells in cultures in a PVDF-

enclosed packed bed of heparinized crosslinked collagen beads, when using the culture medium for 

erythroid differentiation (medium 2). The number of erythroid colonies (BFU-E and CFU-E) as percentage 

of the total number of CFUs is shown between brackets. At seeding, the cell population contained about 

4400 CFUs, of which 43% were erythroid (either BFU-E or CFU-E). 

  Erythroid CFUs G/M/GM CFUs 
Week 1 Culture plate 7029 (83%) 1446 
 Bioreactor system 6419 (89%) 826 
Week 2 Culture plate 11522 (78%) 3273 
 Bioreactor system 62956 (90%) 7250 
 

The percentage of CD34+ cells among the total cell population decreased during 2 

wks of cell culture. During the same period, the percentage of CD36+ cells increased 

and reached about 60 % in cultures performed in a culture plate and 70 % in the 

bioreactor system (figure 7).  
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Figure 7. Number of cells expressing HPC and erythroid antigens as percentage of the total cell population 

during 2 wks of culturing in medium containing Epo and dexamethasone (medium 2). The PVDF-enclosed 

cell cultures were performed in culture plates (A) and in the bioreactor (B). 
 

After 1 wk the cells also started to express glycophorin A. The percentage of cells 

expressing glycophorin A reached about 20 % in cultures performed in a culture plate 

and 50 % in the bioreactor. The expression of glycophorin A (CD235A) indicates that 

the CFU-E cells started to differentiate into (pro)erythroblasts. About 7 % of CD36- 

and glycophorin A positive cells were detected, which could indicate reticulocytes. 

However, May-Giemsa-Grünwald stained cells on cytospin slides did not show 

enucleated cells (figure 8).  

A 

B 
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Figure 8. Representative May-Giemsa-Grünwald stained cytospin of cells obtained after 2 wks of 

cell culture in a PVDF-enclosed packed bed of beads in the bioreactor system using culture 

medium for erythroid differentiation (medium 2, photograph taken at original magnification x 

1000). 
 

It has been reported that enucleated cells can be produced using bioreactors in which 

full bone marrow, including stromal cells, is cultured on collagen beads with medium 

containing serum and Epo [1-3]. In the present study, the absence of enucleation was 

expected since terminal differentiation of erythrocytes usually requires supporting 

stroma [23] or macrophage cells [28]. Moreover, terminal erythroid differentiation 

requires the removal of proliferation factors such as SCF and dexamethasone [29].  

Here we presented the erythroid differentiation of CD34+ cells on heparinized 

crosslinked collagen beads without stroma and therefore lacking terminal 

differentiation. However, the absence of stroma and serum in this system allows 

further investigation of the role of ECM components and cytokines in the production 

of erythroid progenitors and precursors.  

 

 

4.  Conclusions 

A bioreactor system for the expansion and erythropoietic differentiation of CD34+ 

cells in a packed bed of heparinized crosslinked collagen beads is presented. This 

system provides a large surface area for culturing HPCs and is made from materials 

that mimic some of the compounds present in bone marrow. This bioreactor system 

was used to produce erythroid progenitors as well as more differentiated erythroid 

precursors. These two procedures could be combined, as this bioreactor system 

facilitates the sequential use of different culture media without disturbing the cells in 
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culture. After one wk of expanding HPCs with serum-free culture medium containing 

IL-3, SCF, TPO and Flt3/Flk2-ligand, the medium could be changed for culture 

medium containing Epo and dexamethasone for further erythroid differentiation. 

Moreover, the use of serum-free media and the absence of a supporting cell line in 

this system allows more detailed studies into the influence of ECM components and 

cytokines on erythropoiesis.  
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Summary 
 

 

It is generally accepted that bone marrow contains niches that regulate the activity of 

hematopoietic stem cells (HSCs). These cells are the source of all different blood 

cells. In their niche the HSCs are localized in a specific microenvironment, where 

they interact with stromal cells, extracellular matrix (ECM) components and 

molecules like cytokines, chemokines and growth factors. 

The objective of the studies presented in this thesis was to develop a bioreactor 

system, in which the bone marrow is mimicked, for the controlled expansion and 

differentiation of HSCs and hematopoietic progenitor cells (HPCs). Such a system is 

expected to facilitate an effective expansion of HSCs and to provide a model for 

investigating the mechanisms of hematopoiesis and processes such as stem cell 

mobilization and homing. The in vitro expansion and controlled differentiation of 

HSCs and HPCs is of great interest for application in bone marrow transplantation. 

Additionally, controlled differentiation of these cells can be used to produce blood 

cells for transfusion. The focus will be on the expansion of HPCs and their 

differentiation into erythroid cells. 

An introduction to the bone marrow environment, hematopoiesis, erythropoiesis and 

different approaches to in vitro hematopoietic cell culture is presented in chapter 2. 

The chemical and cellular components of the bone marrow microenvironments are 

discussed and an overview of the literature concerning in vitro hematopoietic cell 

culture and bioreactor systems for hematopoiesis is presented.  

The serum- and stroma-free culturing of CD34+ selected cells, obtained from G-CSF 

mobilized peripheral blood, on heparinized crosslinked collagen films is introduced in 

chapter 3. Collagen type I, a major constituent of the bone marrow ECM, was 

processed into crosslinked films. Chemical modification using a water-soluble 

carbodiimide was used to immobilize heparin onto the collagen films, to an extent of 

23 ± 4 μg per mg of collagen film. Heparin was used as a model compound for 

heparan sulfates, which are expected to play an important role in hematopoietic 

microenvironments by modulating the function of growth factors, chemokines and 

cytokines. Cell expansion was only achieved during cell culture using heparinized 

crosslinked collagen films as substrate. The poor performance of non-heparinized 
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films might have been caused by the adsorption of interleukin-3 (IL-3) to this 

material, which was possibly accompanied by conformational changes of the 

cytokine. Using heparinized crosslinked collagen films as culture substrate, the total 

cell population was expanded 5-fold after 2 weeks, but expansion of CD34+ cells was 

not obtained. Analysis of the colony-forming units (CFUs) showed that during 2 wks 

these progenitors expanded 6 times and were mostly (~ 84 %) from the erythroid 

lineage. 

Application of heparinized crosslinked collagen films pre-adsorbed with the 

chemokine stromal cell-derived factor-1α (SDF-1α) as substrate for CD34+ cell 

culture is presented in chapter 4. The use of heparinized films slightly increased the 

amount of SDF-1α adsorbed to the films, from 18 ± 2 to 25 ± 4 ng SDF-1α per mg of 

film. The release of the pre-adsorbed chemokine into the culture medium took place 

during the first hours of cell culture. Both from heparinized and non-heparinized films 

approximately 40 % of the pre-adsorbed chemokine was released. Upon CD34+ cell 

seeding, the adsorbed and/or released SDF-1α increased the number of HPCs adhering 

to the substrate up to 2-fold. The number of CFUs adhering to heparinized films was 2 

times higher at day 4 when these films were pre-adsorbed with SDF-1α, probably 

caused by differentiation of the initially higher number of CD34+ cells adhering to 

these films. During 2 weeks of culture the pre-adsorbed chemokine did not influence 

cell proliferation and differentiation.  

The adsorption and subsequent release of IL-3 from heparinized and non-heparinized 

crosslinked collagen films and the use of IL-3 pre-adsorbed films as culture substrate 

for the expansion of CD34+ cells are described in chapter 5. Crosslinked collagen 

films adsorbed a significant amount (~ 2.4 ng) of the IL-3 from culture medium 

containing 5 ng IL-3. Under the same conditions, the amount of IL-3 adsorbed from 

culture medium onto heparinized crosslinked collagen films was about 2 ng. When the 

films were heparinized, they subsequently released 8 % of the adsorbed IL-3 into the 

supernatant, which was 8 times more than released from non-heparinized films, 

indicating that part of the adsorbed cytokine was reversibly bound to the heparinized 

films. The use of non-heparinized crosslinked collagen films pre-incubated with 0.3 

ml of an IL-3 solution in PBS (1 μg/ml) did not result in the expansion of HPCs when 

cultured in IL-3-free medium. This was probably caused by IL-3 adsorption to 

crosslinked collagen films, which possibly induced conformational changes in the 

cytokine. Heparinized crosslinked collagen films pre-adsorbed with IL-3 under the 
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same conditions, supported HPC expansion. Using this substrate, culturing with IL-3-

free medium resulted in a relatively large number of adhering cells, a 1.4-fold CD34+ 

cell expansion during the first wk of culture and a 16-fold viable cell expansion after 2 

wks. Additionally, the use of heparinized films pre-adsorbed with IL-3 as culture 

substrate in IL-3 free medium resulted in a 6-fold CFU expansion with differentiation 

of 93 % of the CFUs into the erythroid lineage.  

In an appendix to chapter 5 it is shown that the use of heparinized and non-

heparinized crosslinked collagen films pre-adsorbed with bFGF as substrate for 

CD34+ cell culture, resulted in a large number of adhering and non-adhering cells, 

while the expansion of HPCs and erythroid differentiation were not significantly 

improved. 

Chapter 6 deals with the use of packed beds of heparinized crosslinked collagen 

beads as culture substrates for the expansion of HPCs. CD34+ cells were cultured in 

packed beds of SDF-1α pre-adsorbed heparinized crosslinked collagen beads and on 

SDF-1α pre-adsorbed heparinized crosslinked collagen films. The use of heparinized 

beads pre-adsorbed with SDF-1α did not significantly improve cell retention in the 

packed bed of beads, as compared to beads not pre-adsorbed with this chemokine. 

Culturing of HPCs using SDF-1α pre-adsorbed heparinized beads, resulted in a 3-fold 

expansion of CD34+ cells, whereas these cells did not expand on SDF-1α pre-

adsorbed heparinized films. The increased surface area provided by the beads 

probably caused the improved HPC expansion. Total cell expansion was similar for 

both substrates (~ 6 times). CFUs in the cell cultures using packed beds of beads as 

culture substrate expanded 4-fold, whereas the CFUs expanded 6-fold in the cultures 

using films. After 2 wks of culturing 61 % of the CFUs in the packed beds were 

erythroid, while this was about 84 % when the films were used.  

The packed beds of SDF-1α pre-incubated heparinized crosslinked collagen beads 

were used in a bioreactor to expand HPCs into erythroid progenitor cells and 

differentiate these cells into more committed erythroid precursor cells like 

erythroblasts, as presented in chapter 7. CD34+ cells were cultured serum- and 

stroma-free in a packed bed of these beads in a bioreactor. The use of the bioreactor, 

in which 50 ml of culture medium was continuously circulated around a membrane 

enclosing the cells and beads, compensated for the reduction in total and CD34+ cell 

expansion probably caused by limited diffusion through the membrane. The total 

viable cell expansion was 4 times after 2 wks of culturing in the bioreactor system in 
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medium containing IL-3, Flt3/Flk2-ligand, TPO and SCF. About 50% of the 

expanded cells expressed CD36, whereas glycophorin A was not expressed. During 

the first wk, the CD34+ cells and CFUs transiently expanded 1.6- and 9-fold, 

respectively. The expanded CFUs were 81 – 88 % erythroid. Differentiation of CD34+ 

cells in the bioreactor system with modified serum-free culture medium, containing 

EPO and dexamethasone, resulted in a 3.6-fold total cell expansion, no CD34+ cell 

expansion and a 16-fold CFU expansion in 2 wks. The expanded CFUs were 89 – 90 

% erythroid. Moreover, 70% of the total expanded cells expressed CD36 and 50% 

expressed glycophorin A, indicating differentiation into erythroid precursor cells.  

These results show that the serum- and stroma-free expansion and differentiation of 

CD34+ HPCs in a packed bed of heparinized crosslinked collagen beads used in a 

bioreactor is feasible. The bioreactor allows the sequential use of different culture 

media and can be modified for large-scale cell culture. Moreover, this system 

provides a model to study the role of ECM components and molecules like IL-3 and 

SDF-1α in the hematopoietic process. 
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Samenvatting 
 

 

Het beenmerg bevat niches die de activiteit van hematopoietiche stamcellen (HSCs) 

reguleren. De HSCs zijn de voorlopers van de verschillende bloedcellen. In hun niche 

worden de HSCs omringt door een specifieke (micro)omgeving, waar ze interacties 

hebben met stroma cellen, extracellulaire matrix (ECM) componenten en moleculen 

zoals cytokines, chemokines en groeifactoren.  

Het doel van de studies die hier beschreven staan was het ontwikkelen van een 

bioreactor, waarin het beenmerg is nagemaakt, om daarin de HSCs en de iets meer 

gespecialiseerde voorlopercellen (HPCs) te vermeerderen en gecontroleerd te laten 

differentieren. In zo’n systeem zouden HSCs en HPCs effectief vermeerderd kunnen 

worden. Tegelijketijd kan een dergelijk systeem functioneren als een model voor het 

bestuderen van hematopoiese en processen zoals stamcel mobilizatie en homing. Het 

in vitro vermeerderen en gecontroleerd differentieren van HSCs en HPCs is van groot 

belang voor het toepassen van deze cellen in beenmerg transplantaties. Bovendien kan 

gecontroleerde differentiatie gebruikt worden om bloedcellen te produceren voor 

transfusie. In dit onderzoek wordt bij het differentieren gekeken naar de productie van 

rode bloedcellen (erythropoiese). 

In hoofdstuk 2 worden het beenmerg, hematopoiese en erythropoiese beschreven en 

wordt een overzicht gegeven van literatuur over het kweken van hematopoietische 

cellen en het gebruik van bioreactoren voor in vitro hematopoiese.  

Het serum- en stroma-vrij kweken van CD34+ HPCs op gecrosslinkte collageen films 

die met heparine gemodificeerd zijn, wordt in hoofdstuk 3 geïntroduceerd. Collageen 

type I, een belangrijk onderdeel van de ECM in het beenmerg, werd verwerkt tot 

films. Chemische modificatie met een wateroplosbare carbodiimide werd gebruikt om 

heparine te immobilizeren op de collageen films, hierbij werd 23 ± 4 μg heparine per 

mg collageen bereikt. Heparine werd gebruikt als model materiaal voor heparan 

sulfaten, waarvan wordt verwacht dat deze een belangrijke rol spelen in het beenmerg 

omdat ze chemokines, cytokines en groeifactoren binden en presenteren aan de cellen. 

De HPCs vermeerderden zich alleen op de geheparinizeerde films. Op de alleen maar 

gecrosslinkte films zouden de slechte resultaten veroorzaakt kunnen zijn door de 

binding van IL-3 aan het collageen, waardoor waarschijnlijk conformatie 
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veranderingen in de deze cytokine zijn opgetreden. Als geheparinizeerde films 

gebruikt werden nam de totale celpopulatie 5 maal toe tijdens 2 weken, terwijl het 

aantal CD34+ cellen niet toenam. Bestudering van de kolonie vormende cellen (CFUs) 

liet zien dat tijdens de kweek het aantal van deze voorloper cellen 6 maal was 

toegenomen en dat deze HPCs voornamelijk (ca 84%) erythroid waren.  

Het gebruik van de geheparinizeerde films, waaraan eerst de chemokine SDF-1α 

gebonden was, als substraat voor de kweek van CD34+ cellen is gepresenteerd in 

hoofdstuk 4. Door heparinizatie van de films nam de hoeveelheid SDF-1α die aan de 

films bond toe van 18 ± 2 tot 25 ± 4 ng per mg film. De afgifte van de aan de films 

gebonden chemokine naar het kweekmedium vond plaats tijdens de eerste uren van de 

celkweek. De SDF-1α afgifte van de geheparinizeerde en de niet-geheparinizeerde 

films was ongeveer 40 % van de gepreadsorbeerde hoeveelheid. Tijdens het zaaien 

van de CD34+ cellen werd de hoeveelheid cellen die aan het materiaal binden 

verdubbeld door de gepreadsorbeerde of afgegeven SDF-1α. Het aantal CFUs dat aan 

het materiaal bond was verdubbeld na vier dagen, waarchijnlijk door differentiatie van 

het aanvankelijk hogere aantal adhererende CD34+ cellen. Gedurende de twee weken 

van de celkweek beïnvloedde de gepreadsorbeerde chemokine de vermeerdering en 

differentiatie van de cellen niet. 

De adsorptie en afgifte van de cytokine IL-3 van geheparinizeerde en gecrosslinkte 

collageen films en het gebruik van deze IL-3 gepreadsorbeerde films als kweek 

substraat voor de vermeerdering van CD34+ cellen wordt in hoofdstuk 5 beschreven. 

Gecrosslinkte collageen films adsorberen een significante hoeveelheid (ca. 2,4 ng) IL-

3 uit 0,5 ml kweekmedium dat 5 ng IL-3 bevat. Onder dezelfde omstandigheden 

adsorbeerden de geheparinizeerde films ongeveer 2 ng IL-3 uit het kweekmedium. 

Geheparinizeerde films gaven vervolgens 8 % van de gebonden IL-3 af in vers 

medium, dit was 8 keer zo veel als niet-geheparinizeerde films afgaven. Dit duidt erop 

dat een deel van de geadsorbeerde cytokine reversibel aan de geheparinizeerde films 

was gebonden. Het gebruik van niet-geheparinizeerde films die met 0,3 ml van een 

IL-3 oplossing in PBS (1 μg/ml) gepreïncubeerd zijn resulteerde niet in een expansie 

van HPCs als deze met IL-3-vrij medium gekweekt werden. Dit kwam waarschijnlijk 

door de IL-3 adsorptie aan gecrosslinkt collageen, welke waarschijnlijk conformatie 

veranderingen in de cytokine veroorzaakt. Onder dezelfde omstandigheden was het 

wel mogelijk om de HPCs te vermeerderen met geheparinizeerde films, die in 

dezelfde hoeveelheid IL-3 gepreïncubeerd waren, als kweeksubstraat. Met dit 
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substraat resulteerden de kweken met IL-3-vrij medium in een 1,4 voudige 

vermeerdering van de CD34+ cellen tijdens de eerste week van de celkweek en een 16 

voudige vermeerdering van de totale celpopulatie tijdens twee weken. Bovendien 

werden de CFUs 6 maal vermeerderd, waarbij deze voornamelijk (93 %) in de 

erythroide lineage differentieerden. 

In een appendix bij hoofdstuk 5 worden de voorlopige resultaten gepresenteerd van 

CD34+ celkweken op geheparinizeerde en gecrosslinkte collageen films die daarvoor 

in 0,3 ml van een bFGF oplossing in PBS (1 μg/ml) gepreïncubeerd zijn. Deze 

kweken resulteerden in grote hoeveelheden adhererende en niet adhererende cellen, 

terwijl de vermeerdering van HPCs en erythroide cellen niet significant verbeterde. 

Hoofdstuk 6 gaat over het gebruik van opeengepakte bedden van geheparinizeerde en 

gecrosslinkte collageen bolletjes als kweek substraat voor de vermeerdering van 

HPCs. CD34+ cellen  werden gekweekt in een gepakt bed van geheparinizeerde 

bolletjes die met SDF-1α gepreadsorbeerd waren. Het gebruik van SDF-1α 

gepreadsorbeerde bolletjes leide niet tot een significante verbetering van de cel 

retentie in het gepakte bed, ten opzichte van bolletjes die niet met deze chemokine 

gepreadsorbeerd waren. Het kweken van HPCs met SDF-1α gepreadsorbeerde 

bolletjes resulteerde in een drievoudige toename van het aantal CD34+ cellen, terwijl 

deze cellen zich niet vermeerderden op SDF-1α gepreadsorbeerde films. Deze 

verbetering werd waarschijnlijk door de toename van het kweekoppervlak 

veroorzaakt. De toename van het totale aantal cellen in het gepakte bed was 

vergelijkbaar met die op de films (ca 6 keer). De CFUs in de kweken met gepakte 

bedden vermeerderden zich slechts 4 keer, terwijl deze zich 6 maal vermeerderden in 

kweken waarbij films als substraat werden gebruikt. Na twee weken was 61 % van de 

CFUs in de gepakte bedden erythroid, terwijl dit 84 % was bij de kweken met films. 

Gepakte bedden van geheparinizeerde bolletjes met gepreadsorbeerd SDF-1α zijn in 

een bioreactor gebruikt om HPCs te expanderen en te differentieren naar rijpere 

erythroide voorloper (precursor) cellen, zoals in hoofdstuk 7 staat beschreven. CD34+ 

cellen werden serum- en stroma-vrij gekweekt en in een gepakt bed geplaatst in een 

bioreactor. In de reactor werd 50 ml kweekmedium continu rond een membraan die 

de bollen en de cellen omringt, gepompt. Het gebruik van deze reactor compenseerde 

voor de afname in de vermeerdering van het totale aantal cellen en CD34+ cellen, 

Deze afname was waarschijnlijk veroorzaakt door de beperkte diffussie door het 

membraan. Het totale aantal cellen vermeerderde zich 4 maal tijdens twee weken 



 
 

140 

kweken in de bioreactor met kweek medium met IL-3, Flt3/Flk-2 ligand, TPO en 

SCF. Ongeveer 50 % van de cellen was CD36+ en negatief voor glycophorine A. 

Tijdens de eerste week van de celkweek vermeerderden de CD34+ cellen en CFUs 

zich respectievelijk 1,6 en 9 keer. De vermeerderde HPCs waren 81 – 88 % erythroid. 

Differentiatie van CD34+ cellen met een gemodificeerd serum-vrij medium met Epo 

en dexamethason, resulteerde in een toename van het aantal cellen van 3,6 keer, geen 

toename van het aantal CD34+ cellen en een vermeerdering van de CFUs van 16 keer. 

De vermeerderde CFUs waren 89 – 90 % erythroid. Bovendien was 70 % van de 

vermeerderde cellen CD36+ en 50 % van de cellen was ook positief voor glycophorine 

A. Deze antigenen geven aan dat de cellen gedifferentieerd zijn in eythroide precursor 

cellen. 

De beschreven resultaten tonen aan dat de serum- en stroma-vrije vermeerdering en 

differentiatie van CD34+ HPCs in een gepakt bed van geheparinizeerde collageen 

bolletjes in een bioreactor haalbaar is. De bioreactor maakt het mogelijk om 

achtereenvolgens verschillende kweekmedia te gebruiken. Tevens is een reactor 

systeem beter geschikt voor grotere hoeveelheden cellen. Dit systeem kan een goed 

model bieden voor de bestudering van de rol van ECM materialen en moleculen zoals 

IL-3 en SDF-1α tijdens hematopoiese. 
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