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Abstract 

Human mesenchymal stem cells (hMSC) are promising candidates for cell therapy 

applications. The main goal of this work was the development of a scalable integrated strategy for the 

up- and down-stream processing of hMSC. Different approaches for cell expansion, cell concentration 

(i.e. volume reduction) and washing steps were evaluated and the impact of operation mode on cells’ 

viability and quality (identity and potency) was compared. 

For cell expansion, a xeno-free microcarrier culture system was successfully implemented in 

stirred tank bioreactors. A continuous perfusion operation mode allowed to increase the hMSC 

expansion ratio (13.4), and led to a metabolic shift towards an aerobic/oxidative metabolism, when 

compared to a semi-continuous operation mode. The perfusion culture was also validated using a cell 

retention perfusion device (ATF™). 

For cell concentration and washing processes, tangential flow filtration (TFF) in hollow fiber 

devices was used. Cells were successfully concentrated up to a factor of 10, recovering 80% of viable 

cells. Membrane pore sizes larger than 0.45 µm have showed to be a key parameter to perform the 

cell concentration step. A continuous TFF allowed to operate longer with higher cell concentrations 

without affecting cell recovery yields during cell concentration step, and ensured higher protein 

clearance (98%) and lower cell death during cell washing than discontinuous TFF. 

The best operating conditions obtained were selected for the development of an integrated 

bioprocess. After cell expansion in bioreactors operating in continuous perfusion, cells were 

harvested, concentrated and washed in a shorter total process time (when comparing with the total 

process time of separate processes), having been able to recover 70% of highly viable hMSC (> 95%). 

At the end of the bioprocess, hMSC displayed high cell viability and maintained their morphology, 

phenotype and multipotency. 
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Resumo 

As células estaminais mesenquimais humanas (hMSC) são candidatos promissores para 

aplicações em terapias celulares. O principal objectivo deste trabalho foi desenvolver uma estratégia 

integrada para a produção (upstream e downstream) de hMSC. Diferentes estratégias para expansão, 

concentração (redução de volume) e purificação das hMSC foram avaliadas, e o impacto de 

diferentes modos de operação na viabilidade e qualidade (identidade e potência) das células foi 

comparado. 

Para a expansão de hMSC, um sistema de microcarriers num meio livre de componentes 

animais (xeno-free) foi implementado em bioreactores de tanque agitado. Operando em perfusão 

observou-se um aumento na expansão celular (13.4), e levou a um shift metabólico para um 

metabolismo aeróbio/oxidativo, quando comparando com um modo de operação semi-contínuo. O 

sistema de perfusão foi também validado usando um sistema de retenção de células (ATF™). 

Os processos de concentração e diafiltração (lavagem) foram levados a cabo por via de 

filtração tangencial em módulos de fibras ocas. hMSC foram concentradas até 10 vezes, sendo 

possível recuperar 80% das células, com alta viabilidade. Membranas com diâmetros de poro 

superior a 0.45 µm mostraram ser um factor fulcral para o processo de concentração. Uma filtração 

operada em modo contínuo permitiu manter concentrações celulares mais altas durante o processo 

de concentração (sem afectar a recuperação de células) e permitiu remoções mais elevadas de 

proteína (98%) e níveis de morte celular mais baixos durante o processo de diafiltração. 

As melhores condições de operação foram seleccionadas para o desenvolvimento de um 

bioprocesso integrado. Após expansão em reactores, hMSC foram recolhidas, concentradas e 

diafiltradas, obtendo-se tempos de processo totais mais baixos (quando comparando com vários 

processos em separado), e recuperando 70% de hMSC com alta viabilidade (> 95%). No final do 

processo, as hMSC conservaram as suas características, apresentando alta viabilidade e mantendo a 

sua morfologia, identidade e multipotência. 
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1. Introduction 

1.1 Background 

 Human mesenchymal stem cells (hMSC), due to their characteristics, have been attracting 

attention from researchers in basic science and in the clinical field for the past years (Figure 1.1); their 

particular immunomodulatory characteristics [1], as well as their capacity in secreting bioactive 

molecules with anti-inflammatory and regenerative features [2], make them attractive candidates for 

autologous and allogeneic therapies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Today, more than 350 clinical trials are being conducted, mainly in Europe, China and USA 

(Figure 1.2). Furthermore, various completed trials already demonstrated the safety and efficacy of 

hMSC for therapeutical use in several diseases [3]. 

 The ongoing/concluded clinical trials using hMSC focus on several disorders. Mostly, these 

are trials in Phase I (safety studies) or Phase II (proof of concept for efficacy in human patients) 

studies. In the following section are specified some concrete clinical studies using hMSC for the 

treatment of disorders such as graft-versus-host disease (GVHD), bone, cartilage and cardiovascular 

diseases. 

 

 

 

 

 

 

 

 

Figure 1.1 – Number of published papers per year related with the keyword Mesenchymal stem cells. Data 
obtained from Pubmed database. 
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1.1.1 Clinical applications of hMSC 

In this section some of the current clinical trials are more thoroughly described. Figure 1.3 

shows the distribution of the current clinical trials with hMSC according to the disease type being 

studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 – Ongoing or completed clinical trials using hMSC. Data obtained from the clinicaltrials.gov public 
database on 10.10.2014. 

Figure 1.3 – Clinical trials of hMSC classified by disase type. Data obtained from the clinicaltrials.gov public 
database at December, 2011. Adapted from [3] 
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  Graft-versus-host disease (GVHD): GVHD occurs after allogeneic hematopoietic stem cell 

transplant. This disorder is currently treated with corticosteroids, a treatment only showed to be 

effective for some patients [4]. The studies of Le Blanc, K. et al were the first to report successful 

results on the usage of hMSC in a subject which was treatment-resistant to acute GVHD of the gut 

and liver [5]. The treatment showed striking immunosuppressive effects, and the patient was reported 

to be healthy after 1 year. This group reports that from their experience of 1000 allogeneic stem cell 

transplantations, 25 patients developed acute GVHD (2.5%), and from those patients this one was the 

only patient who survived. This was therefore a study which encouraged the study of hMSC for the 

treatment of GVHD. Ringdén, O. et al reported in 2006 the successful treatment of 6 (out of 8) patients 

[6]. Following these studies, others confirmed the beneficial effect of hMSC on the treatment of this 

disease, posing hMSC as a potential novel therapy for GVHD [7 – 14]. Cell dosage used in these 

studies was in the range of 1 to 8 million cells per kg of the patient body weight. Also for the treatment 

of GVHD, Prochymal®, a stem cell therapy product from Osiris Therapeutics (Columbia, Maryland), is 

the first stem cell drug therapy approved in Canada. Although results have not been published, Osiris 

Therapeutics already completed Phase 3 clinical trials with Prochymal®, infused at 2 million hMSC per 

kilogram of the patient, in combination with corticosteroids (data obtained from clinicaltrials.gov 

database). 

Bone and cartilage diseases: Osteogenesis imperfecta (OI) is a disease characterized by 

skeletal fragility and connective tissue alterations caused by alteration of type I collagen production by 

osteoblasts. Pediatric patients with OI underwent allogeneic hematopoietic stem cell transplantation 

and the transplanted bone marrow cells engrafted and generated functional osteoblasts leading to 

improvement in bone structure and function [15]. It is important to refer that this study was performed 

with whole bone marrow and not isolated hMSC. In a follow-up study from the same group, patients 

were infused with allogeneic transplantation of purified hMSC, showing further benefit in relation to 

whole bone marrow transfusions [16]. Regarding cartilage diseases, studies were already performed 

on joint defects. Wakitani S. et al, transplanted autologous culture-expanded bone marrow 

mesenchymal cells (embedded in a collagen gel) into nine full-thickness articular cartilage defects of 

the patello-femoral joints, with significant improvements on cartilage repair [17]. This group, using the 

same technique (hMSC embedded in collagen gel), treated patients with knee osteoarthritis being 

shown reduced recovery times [18]. 

 Cardiovascular diseases: Due to their high replicability, paracrine effect, ability to preserve 

potency, and lack of adverse reactions to allogeneic transplants [119-120], hMSC became an 

attractive candidate for cardiovascular repair in cases of ischemic heart disease and congestive heart 

failure (major causes of morbidity and mortality). Preliminary studies in animal models in 2006 showed 

an improved repair of infarcted myocardium after hMSC administration [19]. Tests were also 

performed on humans after acute myocardial infarction. It was seen a significant increase on left 

ventricular function after intracoronary injections of autologous bone marrow hMSC [20]. The company 

Baxter (Illinois, USA) is currently performing Phase 3 clinical trials with autologous bone marrow-

derived CD34
+
 endothelial progenitor cells for the treatment of chronic myocardial ischemia [89]. 
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1.1.2 hMSC characterization 

Mesenchymal stem cells were firstly discovered in 1968 by Friedenstein [88] and since then a 

consensus about the real definition of hMSC was never thoroughly uniformed. To overcome problems 

of this origin and to better define what a hMSC is, in 2006, the International Society of Cellular 

Therapy established three minimal criteria to define hMSC (Table 1.1) [21]. 

 

Table 1.1 - Minimal criteria for defining multipotent mesenchymal stromal cells. [21] 

Characteristic Description 

Adhesion capacity hMSC must be adherent to plastic under standard tissue culture conditions 

Phenotype Positive (> 95%) 

CD73 

CD90 

CD106 

Negative (< 2%) 

CD34 

CD45 

CD14 or CD11b 

CD79 or CD19 

HLA-DR 

Multipotency hMSC must have the capacity to differentiate into osteoblasts, adipocytes 

and chondroblasts under in vitro conditions 

 

1.1.2.1 hMSC source 

 In 1976, Friedenstein [22] was able to isolate clonogenic fibroblast percursor cells (CFU-F) 

from the bone marrow (BM) of mice. BM was therefore taken as the main hMSC source during several 

years. However, isolating hMSC from BM is a highly invasive procedure and the number, 

differentiation potential, and maximum life span of cells decline with increasing age of the donor [23]. 

To put in perspective, the ratio of hMSC per number of BM cells is of 1:10.000 in a newborn child, 

while in a 30 year old adult this ratio is of 1:250.000 [24], which represents an occurrence 25 times 

smaller. Therefore, other sources for hMSC such as umbilical cord blood (UCB) or adipose tissue (AT) 

were introduced as potential alternatives (Figure 1.4). These sources pose their own advantages and 

disadvantages for their clinical use (summarized in Table 1.2). 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4 – Available sources for hMSC. The sources can be distinguished between adult and neo-natal birth-
associated tissues [25]. 
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Since cell number and invasive harvest procedures are two of the main problems in obtaining 

hMSC, a non-invasive source that could provide high hMSC number would be ideal. Adipose tissue is 

a source which is widely available from liposuction procedures but, as reviewed in other studies, the 

amount of hMSC in the tissues decreases with age, posing a problem not of tissue amount, but of 

hMSC occurrence in that tissue. However, the BM remains the most studied source of hMSC, being 

therefore still the most used. 

 

Table 1.2 – Advantages and disadvantages of several hMSC sources. (BM: bone marrow; AT: adipose tissue; 

UCB: umbilical cord blood) 

MSC source Advantages Disadvantages Ref. 

BM  Main source (most studied) 

 High isolation efficiency 

 Proliferative 

 Highly invasive 

 Number and quality 

decline with donor’s age 

[25, 27-28] 

AT  Less invasive 

 Large quantities 

 High isolation efficiency 

 Proliferative 

 Number and quality 

decline with donor’s age 

[25-28] 

UCB  Less invasive 

 Proliferative 

 Moral issues [25, 28] 

 

 

1.1.2.2 Therapeutical characteristics of MSC 

 As mentioned before, hMSC have biological characteristics which contribute for their 

therapeutical effects. The most important MSC characteristics are schematized in Figure 1.5, and are 

further developed in this section. 

 Capacity to migrate and engraft: hMSC have the ability to home to sites of inflammation 

following tissue injury when injected intravenously. This capacity is dependent on several signals (e.g. 

growth factors and cytokines), which can be secreted either by the injured cells or by the immune cells 

responding to the injury. Growth factors such as platelet-derived growth factor (PDGF) or insulin-like 

growth factor 1 (IGF-1) and cytokines such as CCR2, CCR3, CCR4 or CCL5 have been proven to 

control hMSC migration [30, 31]. This capacity was already observed for several pathologic conditions, 

irrespectively of the tissue. MSC were shown to home to lung in response to injury, adopt an 

epithelium-like phenotype and reduce inflammation in mice affected with bleomycin [29]. Also in mice, 

MSC were able to migrate to injured muscle tissue [32]. 
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Multipotency: hMSC have the capacity to differentiate (both in vivo and in vitro) into 

mesenchymal lineages such as adipocytes, chondroblasts and osteoblasts. Nonetheless, other 

studies have shown that hMSC can differentiate into other cell lineages such as lung cells [29, 33-35], 

kidney cells [38], astrocytes and neurons [36, 37]. In a specific case study, using mice with an 

ischemic kidney disorder, the transplanted MSC were able to differentiate towards renal tubular 

epithelium. The differentiated donor cells replaced the vacant space left over by the dead cells, 

therefore contributing to the maintenance of structural integrity and preceded to a subsequent tissue 

repair process [38]. 

Secretion of bioactive molecules: hMSC have the ability to secrete several bioactive 

molecules, such as growth factors or cytokines, which have modulatory effects on the tissue 

microenvironment, from anti-inflammatory to anti-apoptotic or even regeneration-stimulating. The 

mode of action can be direct, through intracellular signaling or indirect, through stimulation of other 

cells to secrete certain bioactive molecules as well. A study from Takahashi et al demonstrated that 

specific cytokines secreted by hMSC contributed to functional improvement of the infarcted heart by 

inhibiting apoptosis and inducing therapeutic angiogenesis [39]. The effect of these bioactive 

molecules is so remarkable that studies have shown positive effects in cases of liver failure, just by 

using the conditioned medium from hMSC [40]. Some examples of the molecules secreted by hMSC 

and their specific functions are indicated in Table 1.3. 

 

 

 

Figure 1.5 – Most relevant hMSC’s biological properties associated with their therapeutic effects [3]. 
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Table 1.3 – Important bioactive molecules secreted by hMSC and their function. 

Bioactive molecule Function Ref. 

Interleukin-10 (IL-10) anti-inflammatory [41, 42] 

Transforming growth factorβ-1 (TGFβ1), 

hepatocyte growth factor (HGF) 

suppress T-lymphocyte proliferation [43] 

Prostaglandin-E2 (PGE2) anti-proliferative mediator, anti-

inflammatory 

[44, 45] 

Endothelial growth factor (VEGF), basic 

fibroblast growth factor (bFGF), 

placental growth factor (PIGF), monocyte 

chemoattractant protein-1 (MCP-1) 

enhance proliferation of endothelial 

cells and smooth muscle cells 

[46, 47] 

Interleukin-1 receptor antagonist anti-inflammatory [48] 

LL-37 anti-microbial peptide and anti-

inflammatory 

[49] 

Human leukocyte antigen G isoform 

(HLA-G5) 

anti-proliferative for naïve T-cells [50] 

Angiopoietin-1 restore epithelial protein permeability [51] 

Keratinocyte growth factor alveolar epithelial fluid transport [52] 

MMP3, MMP9 mediating neovascularization [53] 

 

 

 Immunomodulatory function: hMSC are known to modulate the immune system, having unique 

characteristics that allow their persistence in a xenogeneic environment. Even though the precise 

mechanisms regulating this capacity are not fully understood, the scientific community hypothesizes 

that cell-cell contact or the bioactive molecules secreted by hMSC (referred on the last point) could be 

playing major roles [3]. This is a characteristic which raised a great amount of interest in the potential 

of hMSC in the treatment of immune disorders such as GVHD. Table 1.4 contains a short summary on 

the effects of hMSC in some immune cells [89-91]. 
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Table 1.4 – Immunomodulatory effects of hMSC. 

Immune cell hMSC effect Ref. 

Dendritic cells 

(DC) 

Influence on differentiation, maturation and function of DC; 

suppress DC migration and antigen presentation; induce mature 

DC into a novel Jagged-2-dependent regulatory DC population. 

[54-56] 

T lymphocytes Alter the cytokine secretion profile of T cells; suppress T cell 

proliferation; promote the expansion and function of Treg cells. 

[43, 57-58] 

B lymphocytes Inhibit B cell proliferation; affect B cell chemotactic properties; 

suppress B cell terminal differentiation. 

[59-61] 

NK cells Alter NK cells phenotype and suppress their proliferation, 

cytokine secretion and cyto-toxicity. 

[62, 63] 

 

1.2 Bioprocessing of hMSC for clinical applications 

 Clinical trials from the early stages have so far indicated that the use of both autologous and 

allogeneic hMSC appears to be safe [5-8]; however, efficacy has not been demonstrated in recent 

late-stage clinical trials [64]. Once the tissue source to obtain hMSC is determined for an intended 

clinical application, the safety and efficacy of cell therapeutics produced may be significantly 

influenced by cell bioprocessing. As a consequence, developing robust expansion processes by 

optimizing culture variables is critical to efficiently and consistently generate hMSC that retain desired 

regenerative and differentiation properties while minimizing any potential risks [65, 66]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.6 – Advantages and disadvantages provided by planar and microcarrier-based stirred culture 
systems. 
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Due to hMSC low frequency in body tissues and in order to guarantee the cell numbers 

required for therapy (1 to 2 million of hMSC per kilogram body weight of the patient is generally 

suggested [3]), hMSC expansion in vitro is imperative. Traditionally, hMSC are cultured in 2D planar 

systems (e.g. Petri dishes, culture flasks and well plates). The inherent uncontrollability, heterogeneity 

and low production yields associated with these planar technologies have made them unattractive and 

unsuitable for clinical and industrial applications. Therefore, microcarrier-based culture systems in 

stirred bioreactors have been, up to the date, an attractive alternative system for hMSC expansion. In 

Figure 1.6 is presented a summary on the advantages of planar and microcarrier-based stirred culture 

systems, as well as the challenges each system faces. 

Similarly, downstream processes face their own challenges, and will have to follow closely the 

advances being made in the upstream field. As the new upstream technologies continue to increase 

the productivity of cell cultures for therapeutical applications, cell yields are expected to increase 

exponentially per lot [68]. With cell harvest volumes expected to reach up to 1000 L over the following 

10 years, the challenges appear in the following steps of the process: cell harvest and purification 

(including efficient cell-microcarrier separation), cell concentration (volume reduction), cell washing, 

formulation, freezing and storing. These challenges and the respective solutions that downstream 

processes will need to provide are summarized in Table 1.5. 

 

Table 1.5 – Typical product requirements and their relationship to DSP steps [69] 

Product requirement at the clinic after thaw Relation to DSP requirement 

>80% viability Frozen at >85% viability; 

Well controlled freezing profiles; 

Controlled processing times, <4 h per unit 

operation; 

Same-day processing. 

Specified number of viable cells 

>80% viable cell recovery 

Consistent and accurate fill volumes; 

Minimal volume loss during thaw; 

Robust formulation step. 

10 – 100 million cell/mL Achieve high concentration factor during 

volume reduction step with minimal cell loss 

or damage; 

Low system volume (hold-up volume) in the 

volume reduction step. 

Single-cell suspension No/minimal clumps of cells at fill; 

No pelleting. 

Impurities <1 ppm High efficiency wash step; 

Cells in suspension during wash step; 

Low system volume. 

Maintenance of product quality attributes No cell damage; 

Low-shear processing. 
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1.2.1 Ex-vivo expansion of hMSC 

As stated before, moving hMSC cultures from planar, static systems to microcarrier-based, 

stirred systems is imperative to enhance cells’ performance and fully exploit cells’ potential. By 

providing a cellular context closer to what actually occurs in native microenvironment, these strategies 

can significantly improve cells’ viability, identity and function [97-99]. 

Lack of homogeneity in the culture medium is a considerable drawback of planar culture 

systems, while in stirred systems is provided a more homogeneous environment to the cell culture, in 

terms of nutrient delivery, oxygen transfer rates and temperature. Agitation is essential for ensuring 

that all cells are exposed to culture medium of the same composition while keeping the microcarriers 

suspended [87]. The lack of monitoring of culture variables is another disadvantage of planar systems, 

which can be overcome in a bioreactor through the use of electrodes and by the ability of non-

destructive sampling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the fact that hMSC are adherent cells, the availability of surface area becomes a critical 

factor for these cultures. Microcarrier technology is a solution that provides high surface areas in small 

volumes, being to the date the most commonly used technique to grow hMSC in stirred suspension 

Figure 1.7 – Examples of different bioreactor configurations used for the expansion of hMSC. Spinner flask 
(A). Stirred tank (B). Disposable stirred tank (Mobius CellReady, Millipore) (C). Wave induced bioreactor (WAVE 
bioreactor, GE Healthcare) (D). Pneumatically mixed bioreactor (PBS 3, PBS Biotech) (E). 
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culture systems. This opens up even more the possibility of scaling up hMSC culture systems. 

Increasing the scale of bioreactor cultures would pose some challenges, such as the increase in shear 

stress due to the need of bigger stirrers or higher stirring speeds, in order to maintain the homogeneity 

in a larger volume [121]. Nevertheless, stirred tank bioreactors are still the most used strategy for 

hMSC cultures. Some examples of the most used bioreactor configurations in stem cell bioprocessing 

are presented in Figure 1.7. Table 1.6 includes a summary of some studies already performed with 

hMSC in several bioreactor systems. 

Table 1.6 – Summary of the studies involving the cultivation of hMSC in different bioreactor systems. 

(MC: microcarriers; DMEM: Dulbecco’s modified Eagle’s medium; FBS: fetal bovine serum; FCS: fetal calf serum; 
EMEM: Eagles Minimal Essential Medium; ST: stirred tank; n.d.: not defined) 

Culture Strategy and Conditions 
Results 

(Fold increase in cell concentration; Xmax) 
Ref. 

System: Spinner flask 

Volume: 80 mL 

Medium: StemPro® hMSC SFM XenoFree  

Strategy: 

BM-hMSC in Cultispher-S MC 

AT-hMSC in Cultispher-S MC 

 

 

 

 

18-fold in 14 days; Xmax: 2x10
5
 cell/mL 

14-fold in 14 days; Xmax: 1.4x10
5
 cell/mL 

[100] 

System: Spinner flask 

Volume: 100 mL 

Medium: low glucose DMEM, 20% FBS and 

supplements  

Strategy: BM-hMSC in Cytodex-3 MC 

10-fold in 13 days; Xmax: 3.6x10
5
 cell/mL 

[91] 

System: Mobius CellReady® (disposable) 

Volume: 3 L 

Medium: DMEM and 10% FBS  

Strategy: BM-hMSC in MC 

Xmax: 2x10
5
 cell/mL 

[101] 

System: Fixed-bed 

Volume: 

4x14 mL 

60 mL 

300 mL 

Medium: EMEM and 10% FCS  

Strategy: hMSC-TERT in non-porous borosilicate glass 

spheres 

 

 

285-fold in 5.5 days; Xmax: 2.9x10
6
 cell/mL 

26-fold in 7 days; Xmax: 1.8x10
6
 cell/mL 

18-fold in 7 days; Xmax: 2.1x10
6
 cell/mL 

 

 

[102] 

System: Stirred-tank (ST) bioreactor 

Volume: 800 mL 

Medium: StemPro® hMSC SFM XenoFree 

Strategy: 

BM-hMSC in Plastic MC 

AT-hMSC in Plastic MC 

BM-hMSC in Plastic MC (Perfusion in 400mL ST) 

 

 

 

 

~6.5-fold in 7 days; Xmax: 1.3x10
5
 cell/mL 

~3-fold in 7 days; Xmax: 5.7x10
4
 cell/mL 

~17-fold in 11 days; Xmax: 5.0x10
5
 cell/mL 

[95] 

System: Hollow fiber fibronectin-coated bioreactor 

Volume: n.d. 

Medium: low glucose DMEM and 10% human platelet 

lysate 

Strategy: BM-hMSC 

20-fold in 13 days; Xharvest: 98x10
6
 cells 

[103] 

System: Stirred-tank (ST) bioreactor 

Volume: 2.5 L 

Medium: DMEM, 10% FBS and supplements 

Strategy: BM-hMSC in Plastic MC 

6-fold in 9 days; Xmax: 1.6x10
5
 cell/mL 

[104] 

System: Stirred-tank (ST) bioreactor 

Volume: 1.5 L 

Medium: DMEM/F12, 3% FBS and supplements 

Strategy: BM-hMSC in Cytodex-3 MC 

10-fold in 8 days; Xmax: 2.6x10
6
 cell/mL 

[105] 
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1.2.1.1 Microcarriers 

As stated before, microcarrier technology has the capacity of increasing greatly the ratio of 

surface area per unit of culture volume. This has positive implications on the scalability of the process, 

as well as in process costs (regarding culture media, for example). Economic analysis of bioprocesses 

has already demonstrated that above certain production scales, planar technologies will cease to be 

cost-effective and microcarrier-based bioreactors will become the only option [129]. Microcarrier 

cultures also offer the possibility of increasing the number of the culture passages by the addition of 

empty microcarriers during culture time. This strategy allows for hMSC to transfer from bead to bead, 

colonizing the empty microcarriers that were added, extending culture periods without the need for an 

enzymatic dissociation [67, 96]. 

A variety of microcarriers for hMSC culture is commercially available today. Each product can 

be different in terms of its composition, charge or porosity. Some of the most common commercial 

microcarriers and their characteristics are presented in Table 1.7. Microporous microcarriers have 

pores with diameters smaller than 1 µm, while macroporous ones have pores with diameters usually 

above 10 µm. Furthermore, these microcarriers can be functionalized with specific coating materials 

(e.g. ECM proteins or small molecules) according to the culture needs, usually developed/sold by the 

same manufacturers. 

Table 1.7 – Several commercially available microcarriers and their most important characteristics 

Microcarrier Porosity Composition 
Surface area/mass 

(cm
2
/g) 

Manufacturer 
Studies 

with hMSC 

Cytodex 1 Microporous Dextran 4400 GE Healthcare [67, 90, 94] 

Cytodex 3 Microporous Dextran 2700 GE Healthcare [90, 91, 94] 

Cultispher S Macroporous Gelatin NA Percell [92, 93, 94] 

Hillex Microporous Polystyrene 515 
SoloHill 

Engineering 
[94] 

Plastic Non-porous Polystyrene 480 
SoloHill 

Engineering 
[95] 

Synthemax II Non-porous Polystyrene 360 Corning [96] 

 

1.2.1.2 Operation modes 

 It has been shown before that the feeding regimen is a key factor for successful cell growth 

and proliferation in culture [108]. Batch cultures, typically used in the biopharmaceutical industry, have 

the drawbacks of nutrient depletion (such as glucose and glutamine) and by-products accumulation 

(such as lactate and ammonia) [122]. To avoid these limitations and to improve cell metabolism and 

growth, fed-batch and perfusion operation modes started being explored as alternative strategies to 

standard media exchange approach (so called semi-continuous). In animal cell cultures, fed-batch 

strategies with the feeding of nutrient concentrates has proven to be successful, operationally simple, 

reliable and flexible [123-124]. Continuous perfusion systems, with constant addition of fresh media 

and removal of exhausted media, may be more challenging to set up and operate (specially at larger 
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scales) [125], but they allow for the maintenance of low concentration set points of the major carbon 

substrates, enabling a more efficient primary metabolism and leading to lower rates of production of 

metabolites such as ammonia and lactate [122]. 

 In a spinner flask bioreactor (100 mL), dos Santos et al observed that a medium exchange of 

25% every 2 days was not enough, and resulted in glucose starvation and in ammonia accumulation 

at potentially inhibitory concentrations [108]. This was solved initially by performing additional medium 

exchanges: 25% everyday, starting at day 3. With this strategy, glucose and glutamine concentrations 

were maintained at higher values and lactate and ammonia concentrations were maintained below 

inhibitory levels [108]. A perfusion strategy was later implemented in stirred tank bioreactors (400 mL), 

operating at a dilution rate of 0.25 day
-1

. Also in this case, nutrients were kept below depletion and 

products were maintained below inhibitory levels [95]. 

 Animal cells growing in suspension in perfusion systems require a cell/microcarrier retention 

device in order to retain all cells inside the bioreactor while removing exhausted media [126, 128]. 

However, in microcarrier-based systems, a cell retention device is not essential most times, since 

microcarriers usually sediment at higher speeds than the linear speed at which the exhausted media is 

removed [127]. Nevertheless, cell retention systems still pose a great advantage in terms of 

downstream processing. In a scenario where cells are detached from the microcarriers still inside the 

stirred tank bioreactor, a retention device with a pore size smaller than the microcarriers size and 

bigger than the cells diameter, would allow for separation of microcarriers from the cell suspension 

without the need of a second process that would perform this separation. This integration of processes 

is already available with the Alternating Tangential Flow (ATF™, Repligen) technology. Even though 

scaling up and sterility can be recurring problems for cell retention systems, the possibility of process 

integration is very appealing [85]. 

1.2.2 Downstream processing of hMSC 

The requirements for downstream processing (DSP) steps will be dictated by the requirements 

of the final product at the clinic, as described above (Table 1.5). 

When a cell therapy product dose is thawed, it is expected to have a minimum viability for 

transplantation purposes. To achieve the required values, cell viability must be monitored and 

controlled through each step of the DSP. Low-shear cell concentration (i.e. volume reduction) and 

washing steps also need to be designed, as well as freezing operations with uniform and controlled-

rate freezing profiles. Controlling processing times for DSP steps and keeping them to a minimum is 

also important to ensure that the processed cells can be cryopreserved on the same day they were 

harvested. 

As DSP technologies are scaled up, disposable process analytical technologies will enable 

real time data collection and decision making so that processes can be continuously monitored and 

product quality can be controlled. Bench-top systems are able to process culture volumes up to 10 L. 

However, when those culture volumes increase, closed and scalable technologies such as tangential 

flow filtration (TFF) or continuous flow centrifugation are likely to be required [69, 70]. Figure 1.8 

illustrates a typical workflow for a cell therapy manufacturing process, in this case for the blood-
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processing industry. Each unit operation has unique process requirements that depend on total 

harvest yields, target cell dose and concentration, and total product doses per lot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.2.1 Available DSP technology 

 As volumes and lot sizes increase, the traditional centrifuge would require multiple rounds of 

centrifugation with several operators, becoming time consuming and cost prohibitive. Multiple 

technologies adapting, centrifugation, separation and filtration principles from the blood processing 

field have emerged to accommodate the cell therapy industry volume reduction and washing steps 

[69]. The inevitable need is for new scalable DSP technologies to prevent future bottlenecks in large-

scale manufacturing of cell therapy products. These bioprocess technologies can be separated into 

filtration, size-exclusion and continuous/counterflow centrifugation. Table 1.7 presents the details of 

some of these technologies which have the potential for large-scale applications in DSP of cell therapy 

products. 

 Tangential flow filtration (TFF): TFF is a well-established filtration-based technology, which 

directly competes with centrifugation, depth filtration, and expanded bed chromatography for the initial 

clarification of therapeutic proteins from mammalian, yeast, and bacterial cell cultures [71, 72]. In a 

TFF, fluid is pumped tangentially along the surface of a membrane while pressure across the filter – 

transmembranar pressure (TMP) – drives it through the membrane to the filtrate side. It has also been 

commonly used for the purification and concentration of virus particles [73]. Because this technology is 

widely used in these fields, there is an increased offer of fully automated, disposable and integrated 

Figure 1.8 – Process-flow diagram of a typical cell therapy DSP – blood processing [69]. 
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(concentration and washing) TFF systems, with a wide range of processing capacities due to the 

variety of filter areas available. Therefore, process development costs can be reduced due to the 

lower cell numbers required for a meaningful run, unlike what may occur when using continuous-

centrifugation systems. Beside the flexibility, TFF also presents other advantages such as a relatively 

linear scale-up behavior and fairly low shear forces and pressures (as microfiltration) applied 

throughout the process [74, 75]. 

 

Table 1.8 – Comparison between some commercially available technologies for the DSP of cell therapy 
products [69] 

Technology 
Filtration Centrifugation 

CTI-TFF TFF-Bioprocessing Fluidized Bed Conventional 

Manufacturer Lonza GE Healthcare KBI Biopharma Carr Centritech 

Product name CT-TFF Uniflex kSep 400 and 6000S Unifuge 

System Attributes     

Applicability (autologous/ 
allogeneic) 

Both Allogeneic Allogeneic Allogeneic 

Closed system Yes Yes Yes Yes 

Integrated concentration 
and washing 

Yes Yes Yes No 

Degree of automation Medium High High High 

Disposability, ready to use Yes Not yet Yes Yes 

Additional equipment/ 
utilities required 

None None Tube welder and 
sealer 

Air 

System set-up and risk Easy/low Easy/low Difficult/medium Easy/medium 

Tubing connections 
(flexibility) 

Highly flexible, 
integrated 

Flexible Not flexible Flexible 

Performance Attributes 
    

Flow capacity (L/h) 1 – 750 25 – 1250 1 – 30 <175 

Cell number capacity 1 – 100 x 10
7
 >100 x 10

7
 6 – 30 x 10

7
 20 – 100 x 10

7
 

Scalability High Appropriate for high 
volumes 

Medium Low 

Operational labor Medium High Medium Medium 

Process/product monitoring 
capability 

High High Low Low 

In-line metrics Pressure, flow Pressure, flow, 
temperature 

Speed, flow Speed, flow, 
temperature 

 

Up to this moment and in the majority of clarification processes, cells are merely a by-product 

of the process, since the main goal is to clear them from the system [71, 73]. Therefore, several 

companies and research groups have been rethinking and redesigning TFF process in order to adapt 

this technique to suit the demands for cell-based therapies [69, 70], where cells are intended as the 

final product. Nonetheless, the impact of the TFF process parameters on the cells’ characteristics still 

needs to be assessed.  
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Continuous centrifugation (CC): CC can be operated in two different ways: counterflow or 

orthogonal. Systems such as Culturefuge® (Alfa Laval) or Unifuge® (Carr Centritech) use a 

continuous orthogonal flow, where fluid flows perpendicular to the centrifugal force. Unifuge® is a 

continuous, fully automated, single chamber and single use system able to process cell suspensions 

while maintaining high efficiency and keeping low shear stress. Culturefuge® is a disc-stack centrifuge 

for much larger bioprocessing scales which is not single-use, requiring cleaning and maintenance. 

This second system incorporates multiple intermittent solid discharges without a prior washing step, 

which is important for process streamlining to formulation and vialing. Cells are compacted in both 

systems, which diminishes washing efficiency (critical for cell therapy products). Separate washing 

steps could be performed to remove residuals, which is undesirable because it can further reduce cell 

recovery by 10–30% [68, 76, 77]. Furthermore, additional washes would increase the overall 

production time and cost for generation of therapeutic cells. 

 The other operation mode for CC is the counterflow. Two examples of continuous counterflow 

centrifugation systems already available are: Elutra® (Terumo BCT) and kSep® (KBI Biopharma) [78, 

79]. Such systems allow cells to remain in suspension while supernatant and residuals are cleared. 

Elutra® is a fully automated single-use system with integrated washing capability and a wide range of 

chamber capacities (100 mL to 6 L). kSep® is a system that allows for cell recoveries above 80% 

while maintaining high cell viability (>90%). This is a system with big potential for DSP of cell therapy 

products, although it requires high investment: $200,000 to $700,000 for a system according to current 

good manufacturing practices (CGMP). Process development costs could also be high for processing 

the large number of cells required for meaningful development runs because scale-down modeling is 

not achievable. 

1.3 Process integration 

 In the current environment of diverse product pipelines, rapidly fluctuating market demands 

and growing competition from biosimilars, biotechnology companies are increasingly driven to develop 

innovative solutions for highly flexible and cost-effective manufacturing. To address these challenging 

demands, integrated continuous processing, comprised of high-density perfusion cell culture and a 

directly coupled continuous capture step, can be used as a universal biomanufacturing platform. 

 Other industries such as the petrochemical, chemical, food or pharmaceutical have long 

converted from batch to continuous processing [80, 81]. The cell therapy industry will soon convert in 

the same way these ones did in the past. Despite the differences between these industries, the 

advantages of continuous manufacturing are always the same, including steady-state operation, small 

equipment size, high volumetric productivity, streamlined process flow, low cycle times and reduced 

capital cost [82]. One good example is the ongoing project at the Novartis – MIT Center for 

Continuous Manufacturing that targets a holistic redesign of the pharmaceutical manufacturing 

process to achieve fully integrated, continuous flow [83, 84]. The evolving competitive business 

environment is incrementally driving biotechnology industry towards a tipping point where existing 

barriers may be counterbalanced by the need for radically improved bioprocessing. Innovation in 

biotechnology has become more product- than process-centered [85]. Several authors have voiced 
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their concern about the long-term viability of the traditional manufacturing facility model based on 

multiple 10,000-20,000 L batch bioreactors and downstream trains [86]. The ability of such facilities to 

readily accommodate diverse biologics pipelines or fluctuating market demand is being more and 

more questioned. Furthermore, these facilities imply a huge initial investment, which will always be a 

main concern. The need for flexibility, consistent product quality, high process output and low cost is 

awakening the interest in continuous and integrated processes. Integrating the upstream and 

downstream unit operations will result in a significant simplification of the entire process train due to 

the elimination of non-value-added hold steps, dramatically shorter residence and cycle times, 

reduction of equipment size and overall facility minimization [85]. 

 In terms of cell manufacturing, there is an obvious interest in integrated and continuous 

processes, for the same reasons that made other industries adopt these processes [85]. However, in 

terms of cell production for therapeutical uses, these concepts are not being applied yet, urging the 

need of studies integrating both up- and downstream processes. 
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2. Aim of the thesis 

The main aim of this thesis was the development of a scalable integrated strategy for the up- 

and down-stream processing of hMSC. The first objective was focused in the implementation of a 

xeno-free bioprocess for cell expansion in a microcarrier-based stirred culture system. For this 

purpose, hMSC were cultured in environmentally controlled stirred tank bioreactors, and the impact of 

culture operation mode (continuous perfusion and semi-continuous) on cell growth, metabolism and 

cell characteristics was evaluated. A perfusion system with a cell retention device was also tested - 

the ATF™-1 (Alternating Tangential Flow) prototype, for its feasibility in supporting continuous 

perfusion of hMSC. 

The second part of this work aimed at optimizing two steps of the downstream process 

workflow - cell concentration (i.e. volume reduction) and washing - using tangential flow filtration (TFF) 

technology. For the concentration step, the effect of the hollow fiber membrane pore size and 

operation mode (continuous and discontinuous) on cell recovery yields and viability was evaluated up 

to a volume reduction factor of 10. For the washing step (i.e. diafiltration), both continuous and a 

discontinuous operation modes were analyzed and compared in terms of impurities removal profile 

and cell recovery yields. All these experiments were performed with human foreskin fibroblasts (hFF), 

given their resemblance with human mesenchymal stem cells [109]. 

The best operating conditions were selected for the development of an integrated strategy for 

up- and down-stream processing of hMSC, comprising the steps of cell expansion, harvesting and 

clarification, cell concentration and washing. This strategy is outlined in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 – Aim of the thesis. Integrated strategy for the up- and down-stream processing of hMSC. 
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3. Materials and methods 

In this work, human BM mesenchymal stem cells (hMSC; STEMCELL™ Technologies, 

Grenoble, France), and human foreskin fibroblasts (hFF, ATCC collection, Cat nr CRL-2429) were 

used. All reagents used in the cell culture procedures were obtained from Gibco® Life Technologies™ 

(Carlsbad, USA), unless otherwise stated. hMSC were cultured both in planar (static, 2D) and in 

microcarrier-based stirred systems, as described in the following sections. 

3.1 hMSC expansion in planar (2D) culture systems 

hMSC were thawed in a 37 ºC bath and quickly added to 5 mL of culture Minimum Essential 

Medium Alpha (MEM-Alpha supplemented with 10% FBS and 2 mM L-glutamine) medium pre-

warmed to 37 ºC. The cell suspension was then centrifuged at 300 g for 5 minutes, and the cell pellet 

was ressuspended in MesenCult™-XF medium (STEMCELL™ Technologies) supplemented with 2 

mM of L-glutamine. Cells were inoculated (3500 cell/cm2) into T-flasks (BD Biosciences, Bedford, MS, 

USA) pre-treated with MesenCult™-SF Attachment Substrate (STEMCELL™ Technologies) and 

placed inside an incubator at 37 ºC, in a humidified atmosphere containing 5% CO2, according to 

manufacturer instructions. At day 5, the culture medium was partially exchanged (50%). 

When 80% cell confluence was reached, cells were washed with Dulbecco’s phosphate-

buffered saline (DPBS) and detached with TrypLE™ Select during 5-7 minutes at 37 ºC. Following cell 

detachment, MEM-Alpha (supplemented with 10% FBS and 2 mM L-glutamine) was added to the cell 

suspension, followed by a centrifugation at 300 g for 5 minutes. The cell pellet was ressuspended  in 

MesenCult™-XF medium and inoculated into new pre-coated T-flasks, into spinner flasks or stirred 

tank bioreactors (as described in the following Section), or ressuspended in a freezing solution 

(Iscove's Modified Dulbecco's Medium, IMDM; supplemented with 40% FBS and 10% DMSO) for 

cryopreservation. 

3.2 hMSC expansion in stirred culture 

3.2.1 Spinner flasks 

Synthemax® II microcarriers (Corning®, New York, USA) were prepared according to the 

manufacturer instructions, ressuspended in MesenCult™-XF culture medium (25% of the spinner flask 

working volume), and added to the spinner flask (Corning® spinner flasks, with a working volume of 

125 mL) at a concentration of 16 g/L. In alternative, Cytodex™ 1 microcarriers (GE Healthcare) were 

used, at a concentration of 3 g/L. hMSC were inoculated in spinner flasks at a cell concentration of 

0.25x10
5
 cell/mL. The vessel was then placed in an incubator at 37 ºC, in a humidified atmosphere 

containing 5% CO2, under intermittent stirring (vessels were agitated gently for 30 seconds every 20 

minutes). 

After 5 hours, the remaining 50% of culture medium was added, and the agitation was set to 

continuous at 35 rpm. At day 5, the culture medium was partially renewed (50%). Through the culture 
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time, cell concentration, viability and percentage of colonized microcarriers was monitored. Culture 

supernatant was collected every day for analysis of metabolite concentrations and LDH activity 

(Sections 3.6 and 3.4, respectively). 

Cell harvesting was carried out at day 7 – 8 (80% cell confluence). Agitation was stopped, and 

after microcarriers sedimented on the bottom of the spinner flask, the culture medium was removed, 

and cells were washed twice with DPBS. After microcarrier settling, DPBS was removed, TrypLE™ 

Select was added (50% of the working volume of the spinner flask on the last day of culture) and the 

spinner flask was placed in an incubator at 37ºC, in a humidified atmosphere containing 5% CO2, with 

continuous agitation at 35 rpm. After 10 minutes, MEM-Alpha medium was added, and the cell 

suspension was filtered using a 20 m cell strainer (BD Biosciences) for MC removal. The filtered cell 

suspension was centrifuged at 300 g for 5 minutes, and the cell pellet was ressuspended either in 

Dulbecco's Modified Eagle Medium (DMEM) (supplemented with 10% FBS and 2 mM L-glutamine) to 

undergo to downstream processing (section 3.3) or ressuspended in a freezing solution (IMDM 

supplemented with 40% FBS and 10% DMSO) for cryopreservation. 

3.2.2 Environmentally controlled stirred-tank bioreactors 

hMSC were inoculated (0.25x10
5
 cell/mL) in Biostat Qplus stirred tank bioreactors (Sartorius 

Stedim Biotech, Gottingen, Germany) with 0.4 L working volume. Data acquisition and process control 

were performed using MFCS/Win (Sartorius Stedim Biotech). The bioreactors were equipped with a 

pitched blade impeller (3 blades). The head plate has ports for pH and pO2 electrodes (allowing online 

measurement and control of these parameters), ports for sampling tubes and for addition/removal of 

culture medium or MCs. pH was maintained at 7.2, and controlled automatically by CO2 injection for 

culture acidification. The dissolved oxygen (DO) was kept at 4% oxygen tension (approximately 20% 

air saturation) and was controlled automatically by injecting a mixture of air and N2. The aeration was 

performed in the headspace of the bioreactor, and was kept at 0.1 vvm. 

Cell thawing and MC preparation were performed as described in section 3.2.1. For 5 hours, 

the bioreactors were operated with 50% of the final working volume, using an intermittent stirring 

profile: ON (1 minute at 60-65 rpm)/OFF (20 minutes). Afterwards, the remaining 50% of culture 

medium was added and stirring was turned on continuously at 40-60 rpm. At day 6 empty 

microcarriers were added to the bioreactor in a ratio of 2:1 (two parts of empty MCs for each part of 

colonized MCs), increasing the concentration from 16 g/L to 48 g/L. During the following 4 days, the 

stirring profile was kept intermittent: ON (5 minutes at 60 rpm)/OFF (1 hour). From day 10 onwards, 

stirring was set to continuous at 50rpm. 

A summary of the experimental conditions used is presented in Table 3.1. 
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Table 3.1 – Summary of the experimental design, evidencing the used culture parameters 

Culture parameter Biostat Qplus Stirred Bioreactor 

Initial cell concentration 0.25x10
5
 cell/mL 

Microcarriers Corning Synthemax II 
- 16 g/L (from Day 0 to Day 6) 
- 48 g/L (from Day 6 to Day 14) 

Initial working volume 400 mL 

DO 4% O2 tension (20% air saturation) 

Temperature 37 ºC 

pH 7.2 

Stirring profile 

0 hours – 5 hours (priming): ON (1 minute at 60-65 rpm)/OFF (20 minutes) 

From 5 hours – Day 6: continuous stirring at 40-60 rpm 

Day 6 – Day 10 (migration): ON (5 minutes at 60 rpm)/OFF (1 hour) 

From Day 10 onwards: continuous stirring at 40-60rpm 

  

Three different operation modes were tested: 

1) Semi-continuous system: a batch mode bioreactor, where punctual medium exchanges 

were performed: day 5 (50% v/v) and every 2.5 days from day 5 onwards (50% v/v) (or equivalently, 

40% every 2 days). 

2) Continuous perfusion system: a bioreactor coupled with a perfusion apparatus composed of 

a gravimetric control system and Biostat Qplus associated pumps (Sartorius Stedim). This system 

(previously described in the work of Tostões et al [106]) was assembled similarly to the one presented 

on Figure 3.1, with the exception of the ATF™-1 device and its respective controller. This system 

operated without any cell retention device, taking advantage of the fact that microcarrier sedimentation 

speed is higher than the speed at which the exhausted culture media was removed, allowing for a 

microcarrier-free outlet stream. 

Weight in the inlet and outlet scales was monitored every 15 seconds by the gravimetric 

control system, which actuated on the pumps, turning them on or off, in order to maintain the volume 

of fresh culture medium fed to the bioreactor equal to the volume of exhausted culture medium 

removed, and according to the flow rate defined by the user. The user-defined parameter was only the 

desired perfusion flow rate, calculated accordingly to the dilution rate required, 𝐷 (day
-1

), calculated 

with equation 1: 

𝐷 =
𝐹

𝑉
    (1) 

where 𝐹 is the perfusion flow rate (mL/day), and  𝑉 is the working volume of the bioreactor at any 

given time (mL). On Table 3.2 are presented the dilution rates used in this work. 
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Table 3.2 – Dilution rates used in the bioreactor systems operating in a continuous perfusion mode 

Culture Time Dilution rate (day
-1

) 

Day 0 – 4 0 

Day 4 – 5 0.5 

Day 5 – 14 0.2 

 

3) Continuous perfusion system with a cell retention device: a bioreactor adapted with a 

perfusion apparatus composed by three elements: ATF™-1 System (Repligen, Waltham, MA, USA), 

gravimetric control system and Biostat Qplus associated pumps (Sartorius Stedim). This system was 

assembled as shown on Figure 3.1: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This bioreactor was assembled and operated in the same manner as the one described in the 

previous section (Continuous perfusion system), with the addition of the ATF™-1 device (Figure 3.1). 

The Alternating Tangential Flow (ATF™) device comprises of a diaphragm which moves upwards and 

downwards in slow cycles, forcing the cell culture to move up and down through the ATF™ dip-tube. 

This diaphragm is operated by the Controller C1 (Figure 3.1), which has a pump that provides the 

pressure/exhaust cycles necessary to move the diaphragm. The operational pressures for this pump 

have been optimized in previous studies performed by the group in collaboration with Repligen for 

animal cell cultures in this system. The ATF™ device is also composed of a filtering membrane which 

operates on a dead-end regimen and, due to its pore size of 70 m, does not allow for the passage of 

microcarriers. This allows both for microcarrier/cell retention, and for clarified supernatant removal. 

Since the pressure/exhaust cycles perform the backflush necessary to clean the membrane, this is 

Figure 3.1 – Perfusion apparatus used in continuous perfusion cultures. System composed by the following 
elements: bioreactor, feed and exhaust pumps, weighing scales, ATF™-1 device and respective controllers. 
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Figure 3.2 – Representative scheme of the ATF™-1 device operating in the exhaust and pressure cycles 

also a system with the inherent ability to reduce filter fouling. In Figure 3.2, a representative scheme of 

the ATF™ device is presented, both for the pressure and for the exhaust cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Downstream processing 

3.3.1 Cell concentration (volume reduction) 

The microcarrier-free cell suspension was concentrated using tangential flow filtration (TFF) in 

hollow fiber (HF) devices. This concentration was performed both in a discontinuous and in a 

continuous mode, as represented on Figure 3.3. Three different HF devices were tested, as 

summarized in Table 3.3. All the hollow fiber devices have a polysulfone membrane and were 

purchased from GE Healthcare Life sciences (Wilmington, USA). 

In the discontinuous operation mode, the cell suspension is pumped from the feed vessel into 

the feed port of the HF device, through the interior of the fibers, out from the retentate port and back 

into the feed vessel. Molecules or particles (cells) larger than the pore size of the membrane are 

retained inside the fibers (retentate), whereas smaller molecules pass through the membrane pores 

(permeate). The permeate flux is controlled throughout the process by a valve/pump. When 

necessary, a valve was positioned at the retentate stream to restrict the tubing, increasing the 

transmembrane pressure (TMP). The pressure on the feed (𝑃𝑓), retentate (𝑃𝑟) and permeate (𝑃𝑝) 

streams are monitored by SciPres Luer pressure sensors (SciLog, Wisconsin, USA). Weight and 

pressure data were acquired every 15 seconds. 
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Table 3.3 - Specifications of the hollow fiber devices used for the concentration step 

Device Material 
Surface area 

(cm
2
) 

Pore size 
(µm) 

Inner fiber 
diameter (mm) 

Number of 
fibers 

HF A 

Polysulfone 

24 0.65 0.75 4 

HF B 16 0.45 1 2 

HF C 16 0.20 1 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Either Watson Marlow Model 120 S/DV 200 rpm pump (Watson-Marlow Pumps Group, 

Massachusetts, USA) or Tandem Model 1082 or 1081 peristaltic pumps from Sartoflow® Slice 200 

benchtop crossflow system (Sartorius Stedim Biotech) were used. Pressure was monitored using 

SciPres luer pressure sensors on the inlet, outlet and permeate streams. Weight and pressure data 

were monitored and acquired every 15 seconds using the Sartoflow® Slice 200 benchtop crossflow 

system. A water flux test was performed before and after each experiment to determine the 

membrane’s permeability. The membranes were preconditioned with two membrane volumes of sterile 

DPBS (Gibco® Life Technologies) before the concentration process. 

3.3.1.1 Physical description of the TFF 

In this section, some of the most important system variables are described. The 

transmembrane pressure (TMP) is defined as the difference between the pressure on the inner part of 

the hollow fibers (calculated by the average pressure between the inlet and outlet) and the pressure 

Figure 3.3 – Discontinuous and continuous cell concentration. Schematic representation of two TFF 
operation modes – discontinuous (A) and continuous (B) 
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on the outer part of the hollow fibers (the pressure in the permeate stream), and therefore is calculated 

as shown in equation 2: 

𝑇𝑀𝑃 =
𝑃𝑓+𝑃𝑟

2
− 𝑃𝑝    (2) 

where 𝑃𝑓 and 𝑃𝑟 are the pressure of the feed solution at the inlet and outlet of the device, respectively, 

and 𝑃𝑝 is the pressure on the permeate side. 

 In this system, the flux is defined as the flow rate per unit of membrane area (𝐽), in liters per 

hour per square meter (LMH, Lh
-1

m
-2

). The inlet flux, 𝐽 (LMH), is therefore calculated as shown on 

equation 3: 

𝐽 =
𝑄𝑖𝑛𝑙𝑒𝑡

𝐴
    (3) 

where 𝑄𝑖𝑛𝑙𝑒𝑡 is the feed flow rate (Lh
-1

) and 𝐴 the membrane surface area (m
2
). Likewise, the permeate 

flux, 𝐽𝑝 (LMH), can be calculated in the same way, according to equation 4: 

𝐽𝑝 =
𝑄𝑝

𝐴
    (4) 

where 𝑄𝑝 is the permeate flow rate (Lh
-1

) and 𝐴 the membrane surface area (m
2
). 

For Newtonian and incompressible fluids, the flow inside a cylindrical tube can be described 

by the Hagen-Poiseuille law. The linear velocity of the cell suspension, 𝑣 (ms
-1

), inside the hollow 

fibers as following can be described by equation 5: 

𝑣 =
𝑄

𝐴
    (5) 

where 𝑄 is the flow rate of the cell suspension inside one hollow fiber (m
3
s

-1
) and 𝐴 is the cross 

section area of one hollow fiber (m
2
). The shear rate, 𝛾 (s

-1
), can then be calculated by equation 6: 

𝛾 =
8𝑣

𝑑
=

4𝑄

𝜋𝑟3
    (6) 

where 𝑑 and 𝑟 are, respectively, the inner diameter and inner radius of a single hollow fiber. The shear 

stress, 𝜏 (Pa), is dependent on the viscosity, 𝜇 (Pa.s), of the cell suspension, and can be calculated 

according to equation 7: 

𝜏 = 𝜇𝛾    (7) 

The flow regime was determined by calculating the Reynolds number (𝑅𝑒), according to 

equation 8: 

𝑅𝑒 =
𝜌 𝑑 𝑣

𝜇
     (8) 

where 𝜌 (Kg.m
-3

) represents the fluid density. 
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3.3.2 Cell washing/diafiltration 

The concentrated cell suspension was diafiltrated using tangential flow filtration (TFF), in the 

same HF device used in the previous step (concentration). The diafiltration was performed both in a 

discontinuous and in a continuous manner. On the continuous diafiltration, as schematized on Figure 

3.4, a diafiltration solution is continuously added to the cell suspension (feed), while permeate is being 

removed. Both diafiltration solution addition and permeate removal were performed at the same flow 

rate, in order to maintain constant the volume of the concentrated cell suspension. 

The discontinuous diafiltration operated with the same scheme, but in this case the diafiltration 

solution was added in bulk to the cell suspension (feed), both in equal parts. The system was then 

initialized, and the cells suspension filtered until it reached its original volume. In both systems, the 

filtration was stopped when the following condition was achieved: 

𝑉𝐷𝑆 = 6 × 𝑉𝐶𝑆 

where 𝑉𝐷𝑆 is the volume of diafiltration solution added and 𝑉𝐶𝑆 is the volume of the cell suspension, 

which is constant overtime. 

 The diafiltration was performed with DPBS, in order to observe the removal of contaminants 

from the cell suspension. A validation was also performed with human serum albumin (HSA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Continuous diafiltration in a hollow fiber device. A pump continuously adds a diafiltration solution 
to the cell suspension while permeate is being removed at the same flow rate. 



27 
 

3.4 Cell viability and lysis 

Fluorescein diacetate-propidium iodide staining (FDA/PI): culture viability was assessed using 

the enzyme substrate fluorescein diacetate (FDA; Sigma-Aldrich, Steinheim, Germany) and the DNA-

dye propidium iodide (PI; Sigma-Aldrich). Cells were incubated with 20 µg/mL FDA and 10 µg/mL PI in 

DPBS for 2-3 minutes and then visualized using fluorescence microscopy (DMI6000, Leica, Wetzlar, 

Germany). FDA is a non-polar, non-fluorescent compound which enters freely in cells. In viable cells, 

FDA is converted by intracellular esterases to a highly fluorescent compound (fluorescein). Therefore, 

active/healthy cells will appear green fluorescent. PI is a polar, red colored fluorescent compound 

which enters cells with low membrane integrity, intercalating with DNA. Therefore, dying/dead cells will 

be stained in red. 

Trypan Blue exclusion method: total number of viable cells was determined after incubation 

with 0.1% (v/v) trypan blue dye in DPBS. Using a Fuchs-Rosenthal haemocytometer (Brand, 

Wertheim, Germany), cells with a damaged membrane (non-viable) will be stained in blue in presence 

of this compound. 

Lactate dehydrogenase (LDH) activity: LDH is an intracellular enzyme, only present in culture 

supernatant when cell lysis occurs. LDH activity from the culture supernatant was determined by 

monitoring the rate of oxidation of NADH to NAD
+
 coupled with the reduction of pyruvate to lactate at 

340 nm as described elsewhere [134]. 

3.5 Cell growth 

Total cell concentration: to evaluate total cell concentration without the need of cell 

detachment from the growth surface, cells were lysed and the released nuclei were stained. Cells on 

microcarriers were ressuspended in lysis buffer (1% Triton X-100 in 0.1 M citric acid), vortexed and 

incubated at 37ºC for at least 2 hours. After incubation, the released nuclei were stained with 1% (w/v) 

crystal violet in lysis buffer and counted in a Fuchs-Rosenthal haemocytometer. 

Expansion ratio or fold increase (FI): FI was evaluated based on the ratio Xmax/X0, where Xmax 

is the peak of cell density (cell/mL) and X0 is the lowest cell density (cell/mL). 

Population doubling level (PDL): the PDL represents the total number of times that the cell 

population has doubled its concentration since inoculation, and it can be calculated using equation 9: 

𝑃𝐷𝐿 =
ln(𝐹𝐼)

ln(2)
    (9) 

Specific growth rate (µmax): 𝜇𝑚𝑎𝑥 was estimated using a first-order kinetic model for cell 

expansion during the exponential growth phase, according to equation 10: 

𝑑𝑋

𝑑𝑡
= 𝜇𝑚𝑎𝑥𝑋    (10) 

where 𝑡 (day) is the culture time and 𝑋 (cell) is the value of viable cells for a specific time. The value of 

µmax was calculated by the slope of the growth curves during the exponential phase. 
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3.6 Metabolite analysis 

 Glucose (GLC), lactate (LAC) and glutamine (GLN) concentrations were analyzed in an 

automatic analyzer YSI 7100 Multiparameter Bioanalytical System (YSI Life Sciences®, Yellow 

Springs, Ohio, USA). Ammonia concentration was quantified enzymatically using a commercially 

available UV test (Roche, Basel, Switzerland). The specific metabolic rates (qmet) were determined as 

described in the literature [107]. 

3.7 Characterization of hMSC 

3.7.1 hMSC differentiation potential 

Osteogenic differentiation: 6x10
4
 cells were seeded per well into 5 wells on a 24-well plate, 

and cultured in MEM-Alpha culture medium supplemented with 10% FBS. After cell confluence was 

reached (2 - 4 days), culture medium was removed from all wells, and 1 mL of StemMACS® OsteoDiff 

media (Miltenyi Biotec, Germany) was added to 3 of the wells, while 1 mL of MEM-Alpha 

(supplemented with 10% FBS) was added to the other 2 wells to serve as control of spontaneous 

differentiation. Cells were cultured for 3 weeks, changing (100% v/v) both culture media twice a week. 

After culture time, cells were washed with DPBS and fixed with 10% neutral buffered formalin during 

30 minutes at room temperature. After fixation, cells were washed with distilled water and then stained 

with alizarin-staining solution (20 g/L). 

Adipogenic differentiation: 6x10
4
 cells were seeded per well into 5 wells on a 24-well plate, 

and cultured in MEM-Alpha culture medium supplemented with 10% FBS. After cells reached 

confluence (2-4 days), culture medium was removed from all wells, and 1mL of NH AdipoDiff Medium 

(Miltenyi Biotec) was added to 3 of the wells, while 1mL of MEM-Alpha (with 10% FBS) was added to 

the other 2 wells to serve as control. Cells were cultured for 2 weeks, while changing (100% v/v) both 

the control and differentiation culture media twice a week. After culture time, cells were washed with 

DPBS and fixed with 10% neutral buffered formalin per well for 30 minutes at room temperature. After 

cells were fixed, the wells were washed with distilled water and incubated with 60% v/v isopropanol 

during 3 - 5 minutes. After this period, isopropanol was removed, and cells were incubated with Red 

Oil solution (1.8 g/L) for 1 - 5min and then washed with DPBS. Finally, cells were incubated with 

Mayer’s hematoxylin solution (Sigma-Aldrich) for 1 - 5min. 

3.7.2 hMSC adhesion and proliferation capacity 

hMSC were inoculated in 24-well-plates, previously coated with MesenCult™-SF Attachment 

Substrate. A cell inoculum of 5 x 10
3
 cell/cm

2
 was used and cells were cultured as described in 

Section 3.1 (hMSC expansion in planar (2D) culture systems). To evaluate hMSC adhesion capacity, 

the concentration of adherent and suspension cells was measured at 15, 30 and 60 minutes after 

inoculation. 
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To evaluate the proliferative capacity of hMSC, the cells’ growth profile was monitored for 13 

days. In both experiments, cell concentration and viability was determined as previously described 

(Section 3.4, Trypan Blue exclusion method). 

3.7.3 hMSC morphology and immunophenotype 

Immunocytochemistry: hMSC (while adherent to the microcarriers) were washed with DPBS 

and fixed with a solution of 4% (w/v) paraformaldehyde (PFA, Sigma-Aldrich) and 4% (w/v) sucrose in 

DPBS at room temperature for 20 minutes. Alternatively, hMSC were detached and separated from 

the microcarriers following the harvesting protocol described in Section 3.2.1 (Spinner flasks), and 

then inoculated into a 24-well plate. Cells (attached to microcarriers or in 24-well plate surfaces) were 

washed with DPBS and incubated with a solution of 0.125% (v/v) fish skin gelatin (FSG, Sigma-

Aldrich) and 0.1% (w/v) Triton X-100 in DPBS during 15 minutes at room temperature to permeabilize 

the cells. Cells were incubated for 2 hours at room temperature with the following primary antibodies: 

phalloidin (conjugated with Alexa Fluor® 488 dye) which binds to F-actin cytoskeleton molecules, anti-

vimentin (a filamentous protein from the cytoskeleton), anti-N-cadherin (a transmembranar protein 

important for cell adhesion and responsible for adherent junctions between cells), anti-α-tubulin and 

4,6-diamidino-2-phenylindole (DAPI) for nuclei staining. Vimentin, N-cadherin, and α-tubulin samples 

were incubated with the red secondary antibody Alexa Fluor® 594. Cells were observed using 

fluorescence microscopy (DMI6000, Leica) and photographed using a digital camera (DFC 360 FX, 

Leica). 

Flow cytometry: the hMSC suspension was washed with DPBS and a total of 2x10
5
 cells were 

incubated for 20 minutes light protected at room temperature, with each of the following antibodies: 

CD44-PE, CD73-PE, CD90-PE, CD105-PE, CD166-PE, CD34-PE, CD45-PE, HLA-DR and isotope 

controls IgG1κ-PE, IgG2aκ-PE and IgG2bκ-PE (BD Biosciences). Cells were washed twice in DPBS, 

and analyzed in a CyFlow® space instrument. At least ten thousand events were registered per 

sample. 

3.7.4 Apoptosis and metabolic activity assay 

The percentage of apoptotic and metabolic active cells was evaluated using Apoptosis Assay 

Kit NucView™ 488 and MitoView™ 633 (Biotium, Inc., California, USA), following the manufacturer’s 

instructions. This kit contains the green fluorescent NucView 488 caspase-3 substrate (detects 

intracellular caspase-3) and the far-red fluorescent MitoView 633 mitochondrial dye (detects changes 

in mitochondrial membrane potential). After incubation with both reagents, cells were analyzed by flow 

cytometry (CyFlow® space, Partec GmbH, Münster, Germany). At least ten thousand events were 

registered per sample. 

3.8 Protein and DNA quantification 

Process samples were centrifuged at 300 g for 5 minutes at room temperature and the 

supernatant was kept at 4 ºC for further analysis. Total protein concentration from the process 
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samples was determined using either bicinchoninic acid protein assay (Pierce Biotechnology, 

Rockford IL, USA), according to the manufacturer’s instructions or using direct detect (Merck Millipore) 

infrared (IR)-based assay. Protein samples were analyzed (using standard running conditions) by 

SDS-PAGE electrophoresis (XCell SureLock mini-cell system; Life Technologies), by loading the 

same protein amount onto NuPAGE™ Novex™ 4–12% (w/v) bis-tris precast polyacrylamide gels (Life 

Technologies). Proteins were visualized by Instant Blue (Expedeon, Harston, UK) staining. 

Total double strand DNA content on the process samples was determined in 96-well plates 

using a PicoGreen™ dsDNA Assay kit (Life Technologies) according to the manufacturer’s 

instructions. 
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4. Results and Discussion 

4.1 Upstream: production of hMSC 

 In the first part of this work, a xeno-free bioprocess for expansion of hMSC on microcarriers 

using stirred tank bioreactors was implemented. Two operation modes (continuous perfusion and 

semi-continuous) were tested and compared to spinner flask and planar (T-flask) systems. 

4.1.1 Spinner flasks 

In the first stage of the study of hMSC expansion, a stirred system (spinner flask) was tested 

to culture hMSC in microcarriers. The use of a serum-free, xeno-free culture media to expand human 

cells poses several advantages; it limits ethic (animal suffering) and scientific (batch-to-batch 

variations, contaminations with viruses, mycoplasms and prions) concerns [111], associated with the 

use of undefined animal components, such as fetal bovine serum. Therefore, hMSC were cultured 

both in MEM-Alpha medium with 10% FBS and also in the xeno-free culture media Mesencult™-XF 

(Table 4.1). Furthermore, two different microcarriers were also used in each spinner flask. Both these 

systems were compared to a planar (2D) culture control, performed as described in Section 3.1. 

  

Table 4.1 - Two different strategies for hMSC culture in spinner flasks 

 Spinner 1 Spinner 2 

Culture media Mesencult™-XF MEM-Alpha + 10% FBS 

Microcarriers (MC) Synthemax® II (Corning) Cytodex™ 1 (GE Healthcare) 

MC concentration 16 g/L 3 g/L 

Specific available area 5.76 cm
2
/mL 13.2 cm

2
/mL 

Culture time 9 days 

Cell inoculum (X0) 0.25 x 10
5
 cell/mL 

 

hMSC were inoculated into both spinner flasks at the concentration previously optimized in the 

group: 0.25 x 10
5
 cell/mL. The cultures were processed as described in Section 3.2.1 (Spinner flasks), 

during 9 days, with a 50% (v/v) medium exchange at day 5. 

The main results of this experiment are shown in Table 4.2. In both cases, cells successfully 

colonized more than 90% of the microcarriers, as it can be seen in Figure 4.1. However, it can be 

observed that cell growth was very limited, reaching maximum cell concentration values of 0.87x10
5
 

cell/mL and 0.58x10
5
 cell/mL respectively for Spinner 1 and Spinner 2 cultures, which are lower when 

compared to the values reported in the literature for hMSC culture in spinner flasks with microcarriers 

(4x10
5
 cell/mL) [108].  
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Table 4.2 – Characterization of hMSC growth in stirred spinner flasks in two different conditions and in 
planar (2D) conditions 

  Spinner 1 Spinner 2 2D culture 

X0 
Volumetric (x10

5
 cell/mL) 0.25 0.25 - 

Per cm
2
 (x10

3
 cell/cm

2
) 4.3 1.9 4.2 

Xmax 
Volumetric (x10

5
 cell/mL) 0.87 0.58 - 

Per cm
2
 (x10

3
 cell/cm

2
) 15.1 4.4 13.1 

Expansion ratio (Xmax/X0) 3.5 2.3 3.1 

Population Doubling Level (PDL) 1.8 1.2 1.6 

Productivity (x10
6
 cell/L.day) 6.9 3.7  

Microcarrier colonization at day 9 (%) 93 91 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cells cultured in Spinner 1 (xeno-free culture medium) were evaluated in terms of their 

morphology by an immunocytochemistry assay. Adherent cells on microcarriers exhibited a high 

organization of the intracellular filamentous protein f-actin (Figure 4.2A). Furthermore, cells harvested 

from Spinner 1, maintained their potential to differentiate into the adipogenic and osteogenic lineages 

(Figure 4.3B), and no spontaneous differentiation was observed (data not shown). In terms of their 

identity, it was observed that hMSC maintained their immunophenotype, being negative for the 

hematopoietic markers CD34 and CD45 and showing high levels of the mesenchymal markers CD73, 

CD105 and CD166. 

 

 

 

 

 

 

 

Figure 4.1 – Microcarrier colonization and cell viability of hMSC cultures in spinner flasks with two 
different strategies. Fluorescence images were obtaines with FDA (live cells, green) and PI (dead cells, red). 

Scale bars: 100 µm. 
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In terms of glucose and lactate concentration profiles, it can be observed the effect of 

changing 50% (v/v) of the culture media at day 5. This medium exchange translated in an increase in 

glucose concentration (Figure 4.3A) and a decrease in lactate concentration (Figure 4.3B). 

Nevertheless, on the last days of culture, glucose concentrations below 1 mM and lactate 

concentrations above 10 mM were observed, suggesting that additional medium exchanges should be 

performed after day 5. Using spinner flasks (100 mL), dos Santos et al observed glucose starvation 

and ammonia accumulation at potentially inhibitory concentrations [108], while performing medium 

exchanges (25% v/v) every 2 days. This problem was solved firstly by performing additional medium 

changes and later by implementing a continuous perfusion strategy in stirred tank bioreactors (400 

mL), with positive results [95]. 

Taking these results into account, it was logical to move into a more controlled system: stirred 

tank (ST) bioreactors. An environment where pH, temperature, agitation, dissolved oxygen and other 

parameters are fully controlled, could be of great advantage to hMSC expansion. In order to further 

increase volumetric productivity and cell expansion ratio, empty microcarriers are added to the culture 

Figure 4.2 – Structural characterization and quality control of hMSC cultured under stirred conditions in a 
xeno-free, microcarrier system. F-actin (green) organization in hMSC adherent to Synthemax® II microcarriers 
(A). Differentiation potential of hMSC into the adipogenic and osteogenic lineages after expansion in stirred 
conditions (B). Immunophenotype analysis of hMSC cultured in planar and stirred conditions (C). Scale bars: 50 
µm. 
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(at day 6). This strategy would allow cells to migrate from the colonized microcarriers to the empty 

ones, further potentiating cell growth and expansion. 

The ST bioreactor also allows for the implementation of other feeding strategies, such as 

perfusion. This could be of great advantage, since it was observed in the spinner flask cultures that 

glucose concentration reached very low values. Therefore, two feeding strategies were adopted in the 

ST bioreactors: semi-continuous (punctual medium exchanges) and continuous perfusion (continuous 

addition and removal of culture media), as schematized in Figure 3.1 in Materials and Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 – Glucose and lactate concentration profiles in Spinner 1 throughout the hMSC culture. 
Glucose (A) and lactate (B) concentration profiles expressed in mM, through a culture time of 9 days. 
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4.1.2 Bioreactors 

Physical-chemical variables such as pH, gas mix, agitation or temperature are more easily 

controlled in a bioreactor. hMSC expansion in this system was evaluated and the impact of two 

different operation modes - semi-continuous (punctual medium exchanges) and continuous perfusion 

(continuous addition and removal of culture media) - on cell’s growth and metabolism was evaluated. 

4.1.2.1 Perfusion vs Semi-continuous 

 hMSC were expanded in bioreactors as described in section 3.2.2 (Bioreactors). A comparison 

of the main metabolic and growth parameters of the two tested operation modes (perfusion and semi-

continuous) and 2D control cultures is presented in Table 4.3. Due to the numerous advantages 

already specified, both bioreactor systems resulted in a higher cell growth, when compared to a planar 

culture system and to a spinner flask system (Section 4.1.1 – Spinner flasks). 

 

  

 

 

 

 

 

 

 

 

 

 

  

On Figure 4.4 is presented the cell growth profiles (expressed in volumetric concentration) for 

both operation modes. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3 – Metabolic and growth characterization of hMSC expansion using perfusion and semi-
continuous operation modes in environmentally controlled bioreactors and in planar conditions 

Figure 4.4 – Growth profile of hMSC cultures in environmentally controlled bioreactors, operated in two 
different modes. Volumetric concentration of hMSC during 14 days of culture in perfusion and in semi-continous 

operation mode. 

Volumetric (x105 cell/mL)

Per cm2 (x103 cell/cm2)

Volumetric (x105 cell/mL)

Per cm2 (x103 cell/cm2)

Microcarrier-based culture in stirred tank bioreactors

17.0

4.3

2.79

16.1

Days 6-14: 48 g/L

Days 0-6: 16 g/L Days 0-6: 16 g/L

Days 6-14: 48 g/L
-

Planar (2D) 

static culture

Population Doubling Level (PDL) 3.7 3.5 2.0

22.4 18.1 5.5Productivity (x106 cell/L.day)

µmax (h
-1) -

Duplication time (day) -

Expansion ratio (Xmax/X0) 13.44 11.16 4.05

0.016

1.8

0.011

2.6

X0

0.25 0.25 0.25

Xmax

1.02

4.3

3.36

19.5

4.2

Continuous perfusion Semi-continuous

Microcarrier concentration (g/L)
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Both operation modes allowed to expand hMSC, exhibiting similar growth profiles. However, 

cell concentration on perfusion cultures was always higher than on the semi-continuous culture 

(Figure 4.4). This resulted in a higher overall expansion ratio (13.4 vs 11.1), a higher number of 

population doubling (3.7 vs 3.5) and a shorter duplication time, both from day 0 to day 6 (1.8 vs 2.6), 

as from day 7 to day 14 (5.8 vs 9.6). To be noted however that cell growth in the second phase of the 

culture (from day 6 to day 14) was lower in both systems. For example, in the perfusion bioreactor, the 

expansion ratio from day 0 to day 6 was of 8.8, and on the remaining days was only 1.5 (data not 

shown). During the migration phase (from day 6 to day 9), cells were transferring from colonized to 

empty microcarriers. Although good microcarrier colonization was obtained in this stage, cells could be 

migrating at the cost of growing slower. Culture time could also have had an influence; observing the 

control culture in T-flask (Table 4.3), a much lower expansion fold was also obtained in the second 

passage (data not shown). This could be indicative of hMSC senescence and loss of proliferation 

capacity, and is in accordance with the results obtained in both bioreactors. Maximum cell 

concentrations obtained in these cultures (4 x 10
5
 cell/mL) were lower than the ones previously 

reported by dos Santos et al. (5 x 10
5
 cell/mL) [95]. This difference may reflect the distinct cell origins 

(hMSC were isolated from the bone marrow of different donors), and the different culture conditions 

used in both studies, such as the microcarriers’ type and the culture medium formulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5 – Microcarrier colonization and cell viability of hMSC bioreactor cultures in perfusion and semi-
continuous operation modes. Fluorescence images were obtained using FDA (live cells, green) and PI (dead 
cells, red) (A) and were also used to assess cell viability and to calculate microcarrier colonization through culture 

time (B). Scale bars: 200 m. 
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Cell viability (Figure 4.5A) and microcarrier colonization profile (Figure 4.5B) through the 

cultures were also analyzed. As it can be observed, at day 6 (before adding empty microcarriers) and 

at day 14 (final day of culture), microcarrier colonization was similar in both systems. However, 

significant differences after microcarrier addition could be observed; at day 8 of culture (day 2 of 

migration), 80% of the microcarriers were populated in the perfusion operation mode, while on the 

semi-continuous operation only 60% of the microcarriers were populated. 

By constantly renewing the culture media using a perfusion operation mode, it was possible to 

guarantee a stable system regarding nutrients’ concentration and clearance of undesired metabolic 

products (Figure 4.6). Moreover, both lactate (Figure 4.6C) and ammonia (Figure 4.6D) concentrations 

were always below growth-inhibitory concentrations (<6 mM and <1 mM, respectively) [67]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During the first 4 days of culture, glucose consumption and lactate production rates were 

similar, since both cultures were performed under the same conditions until day 4. From day 4 

onwards (beginning of perfusion operation) a decrease in both metabolic rates for both operation 

modes could be observed. However, this decrease was higher using the perfusion operation mode. 

Between the first (day 0 – day 4) and last intervals (day 10 – day 14), the decrease in the glucose 

consumption rate (Figure 4.7A) was of 3.3–fold in the perfusion operation mode and of 1.3–fold in the 

semi-continuous one. Similarly, for lactate production rate (Figure 4.7B), it was observed a 20.6-fold 

decrease in the perfusion operation mode, while this decrease was only 2.0-fold in the semi-

Figure 4.6 – Concentration profiles of metabolites in hMSC cultures in environmentally controlled 
bioreactors. Glucose (A), glutamine (B), lactate (C) and ammonia (D) concentration profiles (expressed in mM) 
throughout the culture time obtained with perfusion and semi-continuous operation modes. 
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continuous operation mode. A decrease in qGLC and qLAC after 3 days of culture of hMSC has also 

been reported before [67]. 

Glucose is the main ATP source in animal cells, either through oxidative phosphorylation 

(yielding 30-38 mol ATP per mol glucose) or through anaerobic glycolysis (yielding 2 mol ATP and 2 

mol lactate per mol glucose). Therefore, the accumulation of lactate is associated with inefficient 

glucose metabolism [116-117]. For hMSC cultured in a semi-continuous operation mode in bioreactor, 

it was observed a lactate/glucose ratio (YLAC/GLC) of 2.0 ± 0.3 through the 14 days of culture (Figure 

4.7C), suggesting the maintenance of an anaerobic glycolytic metabolism. However, when hMSC 

were cultured in a continuous perfusion mode, it was observed a drop on this yield, from 2.3 (day 0 – 

day 4) to 0.4 (day 6 – day 14). A metabolic shift occurred during the hMSC culture in a perfusion 

mode, from anaerobic glycolysis to oxidative phosphorylation, as demonstrated before in other studies 

with mammalian cells [118]. This meant that in a later stage of the culture, when hMSC were growing 

at a lower rate, glucose was being consumed more efficiently for energy production and cell 

maintenance, a phenomenon that was observed only in the perfusion culture.  

This data is in accordance with the measured oxygen/glucose yields (YO2/GLC) observed 

(Figure 4.7D). As stated before, operating in a semi-continuous mode led to the maintenance of an 

anaerobic glycolytic metabolism, characterized by very low YO2/GLC. On the other hand, YO2/GLC values 

while operating in a continuous perfusion mode were much higher, which is also in accordance with 

the lower YLAC/GLC observed for this system. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 – Specific metabolic rates of hMSC cultures in environmentally controlled bioreactors. Specific 
rates of (A) glucose consumption (qGLC), (B) lactate production (qLAC), (C) yield of lactate produced per glucose 

consumed (YLAC/GLC) and (D) ratio of oxygen consumed per amount of glucose consumed (YO2/GLC) both for the 
perfusion and the semi-continous operation modes, throughout culture time. 
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After 14 days of culture in both bioreactor systems, hMSC were characterized in terms of 

identity (immunophenotype), potency (multipotent differentiation potential), as well as in proliferation 

and adhesion capacity. The expression of the main characteristic hMSC surface markers, as 

described in the literature [21], remained unaltered; more specifically, hMSC were negative for 

hematopoietic CD34 and CD45 markers, and displayed high levels of CD73, CD105 and CD166 

mesenchymal stem cell surface markers (Figure 4.8A). hMSC cultured in a perfusion operation mode 

were plated on a 24-well plate to evaluate their proliferative capacity (Figure 4.8B). hMSC remained 

proliferative, achieving an expansion fold of 7.3 during 12 days of static culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another characteristic of hMSC relies on their capacity in adhering to plastic surfaces [21]; 

therefore, hMSC cultured in the perfusion operation mode were evaluated in terms of their adhesion 

capacity: after 1 hour of culture in static conditions, 55% of the hMSC could adhere to the plastic 

surface on a 6-well plate (Figure 4.11C), and after 24 hours of culture all cells were adherent and 

already proliferating. 

Figure 4.8 – hMSC characterization after expansion in bioreactors in perfusion and semi-continuous 
operation modes. Evaluation of the expression of the main characteristic hMSC surface receptors by flow 
cytometry (A), hMSC proliferation capability (B) and adhesion potential (C), cells’ morphology (D) and 
differentiation potential (E). 



40 
 

Moreover, hMSC morphology (immunocytochemistry assay, section 3.7.3) was also 

characterized. Cells harvested from the perfusion bioreactor were re-plated into 24-well plates and 

allowed to grow for two days. hMSC presented organized F-actin, and a homogeneous distribution of 

the mesenchymal filamentous protein vimentin and -tubulin (Figure 4.8D). Finally, it was observed 

that hMSC harvested from both bioreactors were able to differentiate into the adipogenic and 

osteogenic lineages (Figure 4.8E). 

4.1.2.1 Validation of the perfusion system using the Alternating Tangential Flow (ATF™) prototype 

 As reported on Chapter 3, a prototype of a perfusion system with cell retention was tested 

during this work, in order to assess cell growth limitations, cell detachment and death imposed by the 

prototype. This system was used to cultivate hMSC during 7 days and compared with a dip-tube 

based perfusion system and a semi-continuous system (Figure 4.9), described in section 4.1.2.1. 

 Through 7 days of culture, the bioreactor operating with the ATF™ prototype was able to 

reach a similar volumetric productivity (2.7x10
7
 cell/L.day) as the other two operation systems (Figure 

4.9A). Furthermore, the ATF™ device did not contribute with additional stress to the cell culture; until 

day 4 of culture, LDH accumulation profiles were similar in both perfusion systems, since perfusion 

only started at day 4. Nonetheless, from days 4 to 7 (while perfusion was operating) it was observed 

some increase in LDH accumulation for both cultures. When comparing both perfusion systems 

(ATF™ and dip-tube), it can be seen lower LDH release in cultures operated with the ATF™ device 

(Figure 4.9B).  Therefore, the ATF™ prototype is a suitable solution for perfusion culture systems, 

providing similar cell growth as other traditional systems (e.g. dip-tube), without introducing any 

considerable stress to the culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 – Comparison of hMSC culture using two types of perfusion operation (dip-tube and with 
ATF™ prototype) in an environmentally controlled bioreactor. Volumetric productivity, expressed in 10

7
 cells 

per culture volume per day, of the two perfusion systems and on a semi-continuous system after cell expansion 
(A) and accumulation of LDH in culture media of both perfusion systems (B). 
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4.2 Downstream processing of hMSC 

 In this part of the work, different strategies for cell concentration and washing steps were 

evaluated. To accomplish both tasks, tangential flow filtration (TFF) using hollow fiber (HF) devices, 

with operating conditions already optimized in the group, were used. The main goal for the 

concentration step was to achieve a volume reduction factor (VRF) of 10, compare HFs with different 

pore sizes, and compare two different operation modes (continuous and discontinuous). Regarding 

the washing step, the objective was to compare two different operation modes (continuous vs 

discontinuous) while achieving protein and DNA clearance over 95%.  

4.2.1 Concentration step 

4.2.1.1 Impact of pore size in the performance of TFF 

Process parameters used to perform TFF, have been previously optimized on the group [115], 

and are presented in Table 4.4. 

Table 4.4 – Previously optimized operation parameters for the TFF process. [115] 

TFF parameter Optimized parameter 

Membrane material Polysulfone 

Initial cell concentration 2 x 10
5
 cell/mL 

Wall shear rate (𝜸) 3000 s
-1

 

Permeate flux (Jp) 250 LMH 

 

The impact of the pore size on the concentration performance was assessed using three 

different HF devices (Table 3.3, Chapter 3.3.1) and with human foreskin fibroblasts (hFF) as a cell 

model, given their resemblance with human mesenchymal stem cells [109]. Figure 4.10 summarizes 

the main results obtained from this experiment. 

 It is known that the membrane’s polysulfone material is prone to interact with the cells [114]. 

Therefore, cell recovery yield was estimated during the concentration process (Figure 4.10A). For a 

volume reduction factor of 10, higher pore sizes (0.65 µm) allowed for a cell recovery of 82%, while 

smaller pore sizes (0.45 µm) allowed for only 72% cell recovery. In both cases, cells maintained their 

viability above 95%, measured with the trypan blue exclusion method at each sampling point. 

Furthermore, when pore size was even more reduced (0.20 µm), the membrane became prone to 

fouling, leading to a complete clogging at a volume reduction factor of 4, hampering the process to 

continue. Effects of this phenomenon were reflected in the permeate flow, which started to drop 

instead of remaining constant through the process (Figure 4.10B) and in the transmembranar pressure 

(TMP), which raised up to a maximum of 0.4 bar (Figure 4.10C). For larger pore sizes (0.45 and 0.65 

µm), both the permeate flow and the TMP remained constant during the whole process. 
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The membrane’s permeability was also determined before and after the process according to 

the manufacturers’ protocols, in order to assess fouling and clogging phenomena (Figure 4.10D). 

Membrane permeability decreased 10 - 15 % when using larger pore sizes (0.65 and 0.45 m), being 

always higher than the recommended operating level of 9000 L.m
-2

.h
-1

.bar
-1

. However, when a pore 

size of 0.20 µm was used, a clogging of the membrane was observed, being the membrane 

permeability reduced to 5% of its original value. A recovery of this HF was attempted by recirculating 

NaOH (1 M) during 30 minutes, increasing the permeability of this membrane up to 67% (7500 L.m
-2

.h
-

1
.bar

-1
) of its original value, which was still below the accepted limit of the manufacturer (Figure 4.10D). 

 Overall, HF A (24 cm
2
 of surface area and pore size of 0.65 µm) was the most cost-effective 

device to perform the concentration process in this working scale (up to 0.25 L). It allowed to 

concentrate cells (10 fold volume reduction factor) with higher cell recoveries (over 80%, with viability 

higher than 95%), while keeping constant both the TMP and the permeate flux through the process. 

Since the inlet flux was kept constant (750 LMH), this HF also allowed for lower processing times, due 

to its higher surface area (24 cm
2
 vs 16 cm

2
). 

4.2.1.2 A continuous system for hMSC concentration in hollow fiber devices (feed and bleed) 

 At an industrial scale, picturing a future large-scale production of complex biotherapeuticals, a 

continuous system where cells are being continuously fed and collected, could be advantageous. 

Therefore, an alternative approach on the concentration operation was tested, envisaging a system 

Figure 4.10 – Discontinuous cell concentration using tangential flow filtration (TFF) in hollow fiber (HF) 
devices. Three different hollow fiber devices with different pore sizes (0.65, 0.45 and 0.20 µm) were evaluated. 
Cell recovery (A), permeate flow rate profiles (B), maximum TMP (C) and membrane permeability (D) were 
evaluated for the process. 
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working in a steady-state, with a continuous outlet of the target product: feed and bleed (see Figure 

3.3B, Materials and Methods, Section 3.3.1). In continuous operations, the required time to reach 

steady state is usually negligible when compared to overall process time, leading to higher 

productivities than in discontinuous operations [112]. Moreover, the residence time of particles within 

the system is longer in discontinuous processing [113]. 

This continuous system was compared with the discontinuous one. Both processes were 

performed using shear rate and permeate flow conditions in agreement with the operating conditions 

optimized previously in the group. Cell density increased during the concentration step, up to a 

concentration fold of 6 in both processes. Cell viability was higher than 95% throughout the process, 

corroborating that cells have suffered minor shear stress in the concentration processes within the HF 

devices. Given that the process loop is operating continuously at a concentration factor equivalent to 

the final concentration of a batch system, the membrane area required is higher. We tested two 

different areas (24 and 50 cm
2
), which presented no differences in processing our working volume 

(data not shown). 

Although the final cell recovery was similar on both operation modes, the concentration profile 

was distinct; in theory, continuous TFF is operated at the retentate concentration [110], yielding a 

concentrated product faster and for a longer period of time than on the batch operation (Figure 4.11A). 

Our experimental results also corroborated this trend, having reached higher concentration factors 

faster than in discontinuous operations. Although no flux decay occurred in continuous TFF, we have 

observed that similarly to the batch TFF, it is crucial to control the permeate flux control with a pump. 

A peristaltic pump controlling the feed instead of the permeate flow rate, leads to differences in cell 

recovery in 10 – 20% (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No differences were observed between the two TFF operation modes regarding cell recovery 

yield; both allowed to recover more than 80% of cells with high viability (more than 95%) and 

metabolically active (Figure 4.11B). The observed 20% cell loss can be attributed either to cell death 

Figure 4.11 – Continuous and discontinuous cell concentration. Schematic representation of two TFF 
operation modes – continuous and batch. Cell concentration profile throughout time (A). Cell characterization in 

terms of apoptosis, metabolic activity, DNA and LDH release profile before and after the concentration processes 
(B). Results are presented as a fold of change regarding cells before TFF. These proof-of-concept experiments 
were conducted with hFF. 
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throughout processing, since an increase in the percentage of apoptotic cells as well as an increase in 

DNA and LDH release (fold change of 1.4 and 1.3) was observed (Figure 4.11B), or to cell retention 

inside the HF device.  

4.2.2 Washing step 

Effective removal of contaminants from a cell-based therapeutical product is required by 

regulatory agencies to ensure product safety [130], since trace amounts of host-cell DNA and proteins 

if injected into patients may potentially cause allergic reactions or even cause transfection of cells, 

resulting in tumor formation [131]. This was accomplished firstly by performing a discontinuous 

diafiltration (DF). This discontinuous DF was compared with a continuous DF system, as described in 

section 3.3.2 (Cell washing and diafiltration) and schematized in Figure 3.4. To study the 

contaminants’ removal profile, the DF (operated in continuous or discontinuous) was performed with 

DPBS as the washing solution; the main results of the DF operated in both modes are presented in 

Figure 4.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results show that protein removal is effective in both operation modes (Figure 4.12A). 

Nevertheless, with discontinuous DF, a higher number of DVs (5-6) was needed to achieve the same 

Figure 4.12 – hMSC washing with DPBS, using TFF in HF devices. Protein removal (A) and cell recovery (B) 
through 6 diafiltration volumes, LDH and DNA released during the process (C), SDS-PAGE analysis of protein 

samples from 1 up to 6 DVs for discontinuous and continuous DF. 5 µg (total protein) were loaded in each lane of 
the gel (D). 
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level of protein clearance than in the continuous process. To confirm this result, SDS-page was 

performed (Figure 4.12D). As expected, the total number of total proteins decreases along the 

increasing number of DVs, i.e. protein is being efficiently removed from the concentrated cell 

suspension. As previously reported [132], continuous diafiltration showed to be more efficient and 

gentle than discontinuous DF [133]. In the discontinuous DF, lower cell recoveries (Figure 4.12B) were 

observed in the end of the process, as well as increased cell death (Figure 4.12C). On the other hand, 

continuous DF allowed for cell recovery yields of 70% of cells, with viability above 90%. 

Overall, the continuous washing mode proved to be more suitable to remove impurities (higher 

protein clearance), providing a shorter processing time, allowing for a better cell recovery, while 

maintaining high cell viability. 

 In order to validate the washing process, hMSC were also diafiltrated using a formulation 

medium with 2.5% (v/v) of human serum albumin (HSA). Considering the previous results, 

concentrated hMSC suspension was continuously diafiltrated using 5 diafiltration volumes (Figure 

4.13). It was observed a final cell recovery over 80%, with viability higher than 95%, without observing 

flux decay throughout the process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 - Cell recovery yield during continuous DF (5 DVs) using DPBS and a formulation media with 
2.5% HSA. 
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4.3 Integration of up- and downstream processes 

Combining the results from the previous result sections, we have developed an integrated 

process of expansion, concentration and washing for hMSC (Figure 4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After hMSC expansion using microcarriers in a stirred culture bioreactor using a perfusion 

system, cells were separated from the microcarriers using the operating conditions previously 

optimized in the group [115]. Cells were then concentrated and washed using the same hollow fiber 

device, with previously optimized conditions [115] of shear rate (3000 s
-1

) and controlled permeate flux 

(250 LMH) using a permeate peristaltic pump; to integrate both processes, a discontinuous 

concentration and continuous washing were performed (Figure 4.14B). 

hMSC were expanded during 14 days up to 13 fold (as described in Section 3.2.2 – 

Bioreactors) and concentrated up to a concentration factor of 10. After cell concentration, a continuous 

Figure 4.14 – Integrated process for the production of hMSC. Schematic representation of the experimental 
workflow (A) and the layout of the integrated bioprocess (B). 
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diafiltration was performed using 5 diafiltration volumes of a formulation media, having recovered after 

the bioprocess 70% of highly viable hMSC (> 95%) (Figure 4.15C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The integrated process showed not to impact cell morphology, since after plating hMSC (after 

cell expansion and after the bioprocess) could successfully re-acquire their typical spindle-like 

morphology, presenting organized intracellular f-actin, expressing α-tubulin and vimentin (Figure 

4.15B). The expression of the main characteristic hMSC’s surface receptors, as described in the 

literature [21], remained unaltered after processing (Figure 4.15A). More specifically, hMSC were 

negative for hematopoietic CD34 and CD45 markers, as well as for HLA-DR and displayed high levels 

of CD44, CD73, CD105 and CD166 mesenchymal stem markers. hMSC maintained their ability in 

adhering to plastic surfaces and remained metabolically active, having reached a population doubling 

level (PDL) of approximately 3 after re-plating (Figure 4.15D). 

Figure 4.15 – Characterization of hMSC produced by an integrated process. Expression of specific cell-

surface antigens (CD166, CD105, CD73, CD44, CD45, CD34, HLA-DR) typical for hMSC, after cell expansion 
and at the end of the bioprocess (A). hMSC morphology after cell expansion and at the end of the bioprocess - 

immunofluorescence staining of f-actin (green), α-tubulin (red), vimentin (red), and cell nuclei (blue). Scale bars: 
100 μm (B). Cell recovery yield after harvest, concentration and washing steps (C). Growth curves expressing the 

increasing cell number per volume of medium throughout the culture time of re-plated hMSC after cell expansion 
and at the end of the bioprocess (D). 
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The integration of the different processes allowed to decrease the equipment footprint, as well 

as the elimination of hold steps, especially by combining cell concentration and cell washing within the 

same HF device. All combined, the integrated process allowed for a faster process (1 hour after cell 

expansion, rather than typical 2 – 3 hours of separate processes), having been able to recover 70% of 

highly viable hMSC (> 95%), with no changes in terms of immunophenotype, proliferation capacity and 

multipotent differentiation potential. 
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5. Conclusion 

In this work a scalable and integrated strategy for the expansion and downstream processing 

of hMSC was developed. A xeno-free microcarrier culture system was successfully implemented for 

the expansion of hMSC in stirred tank bioreactors. The continuous perfusion showed to be the most 

suitable operation mode for hMSC proliferation, allowing a higher cell expansion ratio (13.4) than the 

semi-continuous mode (11.2). In addition, hMSC display a more efficient (energetic) metabolism when 

cultured in continuous perfusion, as a metabolic shift from a glycolytic/lactic to an aerobic/oxidative 

metabolism was observed. The perfusion mode was also validated using the ATF™ cell retention 

device prototype, being obtained similar volumetric productivities (27x10
6
 vs 25x10

6
 cell/L.day). 

To perform both concentration and diafiltration (washing) process, tangential flow filtration 

(TFF) technology was used. It was concluded that membrane pores larger than 0.45 µm were critical 

to perform the volume reduction step in hollow fiber (HF) devices, being beneficial for cell recovery 

yields and viability. hMSC were successfully concentrated up to a factor of 10, recovering 80% of 

viable cells, both in a discontinuous and in a continuous (feed-and-bleed) operation mode. The 

continuous concentration mode allowed however to operate longer with higher cell concentrations. 

Regarding cell washing, it was observed that when operating in a continuous diafiltration, a higher 

protein clearance (98%) was achieved while maintaining cell viability, when comparing with a 

discontinuous diafiltration. 

Up- and downstream most suitable conditions were integrated, allowing for a shorter process 

time (1 hour of process time, rather than typical 2 – 3 hours of separate processes), having been able 

to recover 70% of highly viable hMSC (> 95%). At the end of the bioprocess, hMSC have conserved 

their characteristics, presenting high cell viability, maintaining their identity, potency and morphology. 

Adult stem cells have a limited life span, and their characteristics change along the population 

doublings. Therefore, for cell therapy products, the advantages of a continuous, integrated process 

(up- and downstream) should be evaluated against current strategies where cell expansion is 

improved through medium renewal. 

For the particular case of hMSC, by evidencing the feasibility and comparing the advantages 

of continuous and discontinuous operations, it was possible to design a more efficient process 

workflow. Higher productivities were achieved without compromising cells’ characteristics. This work 

represents a demonstration of the impact that continuous and/or integrated processing have on hMSC 

biomanufacturing, in terms of productivity and cell quality attributes. 

 

 

 

 

 

 



50 
 

6. References 

1. Iyer, S. S., & Rojas, M. (2008). Anti-inflammatory effects of mesenchymal stem cells: novel concept 

for future therapies. Expert opinion on biological therapy, 8(5), 569–581.  

2. Haynesworth, S. E., Baber, M. A., & Caplan, A. I. (1996). Cytokine expression by human marrow-

derived mesenchymal progenitor cells in vitro: effects of dexamethasone and IL-1 alpha. Journal 

of cellular physiology, 166(3), 585–592. 

3. Wang, S., Qu, X., & Zhao, C. (2012). Clinical applications of mesenchymal stem cells. Journal of 

Hematology & Oncology, 5(19). 

4. Messina, C., Faraci, M., de Fazio, V., Dini, G., Calo, M.P., Calore, E. (2008). Prevention and 

treatment of acute GvHD. Bone Marrow Transplant, 41(Suppl 2):S65-70. 

5. Le Blanc, K., Rasmusson, I., Sundberg, B., Götherström, C., Hassan, M., Uzunel, M., Ringdén, O. 

(2004). Treatment of severe acute graft-versus-host disease with third party haploidentical 

mesenchymal stem cells. The Lancet, 363(9419):1439-1441. 

6. Ringdén, O., Uzunel, M., Rasmusson, I., Remberger, M., Sundberg, B., Lonnies, H., Marschall, 

H.U., Dlugosz, A., Szakos, A., Hassan, Z., et al. (2006). Mesenchymal stem cells for treatment of 

therapy-resistant graft-versus-host disease. Transplantation, 81:1390–1397. 

7. Fang, B., Song, Y., Liao, L., Zhang, Y., Zhao, RC (2007). Favorable response to human adipose 

tissue-derived mesenchymal stem cells in steroid-refractory acute graft-versus-host disease. 

Transplant Proc, 39:3358–3362. 

8. Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., Lanino, E., Sundberg, B., 

Bernardo, ME., Remberger, M. (2008). Mesenchymal stem cells for treatment of steroid-resistant, 

severe, acute graft-versus-host disease: a phase II study. Lancet, 371:1579–1586. 

9. Muller, I., Kordowich, S., Holzwarth, C., Isensee, G., Lang, P., Neunhoeffer, F., Dominici, M., Greil, 

J., Handgretinger, R. (2008). Application of multipotent mesenchymal stromal cells in pediatric 

patients following allogeneic stem cell transplantation. Blood Cells Mol Dis, 40:25–32. 

10. von Bonin, M., Stolzel, F., Goedecke, A., Richter, K., Wuschek, N., Holig, K., Platzbecker, U., 

Illmer, T., Schaich, M., Schetelig, J. (2008). Treatment of refractory acute GVHD with third-party 

MSC expanded in platelet lysate-containing medium. Bone Marrow Transplant, 43:245–251. 

11. Guo, M., Sun, Z., Sun, Q.Y., Han, Q., Yu, C.L., Wang, D.H., Qiao, J.H., Chen, B., Sun, W.J., Hu, 

K.X. (2009). A modified haploidentical nonmyeloablative transplantation without T cell depletion 

for high-risk acute leukemia: successful engraftment and mild GVHD. Biol Blood Marrow 

Transplant, 15:930–937 

12. Kebriaei, P., Isola, L., Bahceci, E., Holland, K., Rowley, S., McGuirk, J., Devetten, M., Jansen, J., 

Herzig, R., Schuster, M. (2009). Adult human mesenchymal stem cells added to corticosteroid 

therapy for the treatment of acute graft-versus-host disease. Biol Blood Marrow Transplant, 

15:804–811. 

13. Lucchini, G., Introna, M., Dander, E., Rovelli, A., Balduzzi, A., Bonanomi, S., Salvade, A., Capelli, 

C., Belotti, D., Gaipa, G. (2010). Platelet-lysate-expanded mesenchymal stromal cells as a 



51 
 

salvage therapy for severe resistant graft-versus-host disease in a pediatric population. Biol 

Blood Marrow Transplant, 16:1293–1301. 

14. Prasad, V.K., Lucas, K.G., Kleiner, G.I., Talano, J.A., Jacobsohn, D., Broadwater, G., Monroy, R., 

Kurtzberg, J. (2011). Efficacy and safety of ex vivo cultured adult human mesenchymal stem cells 

(Prochymal) in pediatric patients with severe refractory acute graft-versus-host disease in a 

compassionate use study. Biol Blood Marrow Transplant, 17:534–541. 

15. Horwitz, E.M., Prockop, D.J., Fitzpatrick, L.A., (1999). Transplantability and therapeutic effects of 

bone marrow-derived mesenchymal cells in children with osteogenesis imperfecta. Nat Med, 

5:309-313. 

16. Horwitz, E.M., Gordon, P.L., Koo, W.K., (2002). Isolated allogeneic bone marrow-derived 

mesenchymal cells engraft and stimulate growth in children with osteogenesis imperfecta: 

implications for cell therapy of bone. Proc Natl Acad Sci U S A, 99:8932-8937 

17. Wakitani, S., Nawata, M., Tensho, K., Okabe, T., Machida, H., Ohgushi, H. (2007). Repair of 

articular cartilage defects in the patello-femoral joint with autologous bone marrow mesenchymal 

cell transplantation: three case reports involving nine defects in five knees. J Tissue Eng Regen 

Med, 1:74-79. 

18. Wakitani, S., Imoto, K., Yamamoto, T., Saito, M., Murata, N.,Yoneda, M. (2002). Human 

autologous culture expanded bone marrow mesenchymal cell transplantation for repair of 

cartilage defects in osteoarthritic knees. Osteoarthritis Cartilage, 10:199-206. 

19. Zhang, S., Ge, J., Sun, A., Xu, D., Qian, J., Lin, J., Zhao, Y., Hu, H., Li, Y., Wang, K., (2006). 

Comparison of various kinds of bone marrow stem cells for the repair of infarcted myocardium: 

single clonally purified non-hematopoietic mesenchymal stem cells serve as a superior source. J 

Cell Biochem, 99:1132–1147. 

20. Chen, S.L., Fang, W.W., Ye, F., Liu, Y.H., Qian, J., Shan, S.J., Zhang, J.J., Chunhua, R.Z., Liao, 

L.M., Lin, S., (2002). Effect on left ventricular function of intracoronary transplantation of 

autologous bone marrow mesenchymal stem cell in patients with acute myocardial infarction. Am 

J Cardiol, 94:92–95. 

21. Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., Deans, R., 

Keating, A., Prockop, D., Horwitz, E., (2006). Minimal criteria for defining multipotent 

mesenchymal stromal cells. The International Society for Cellular Therapy position statement. 

Cytotherapy, 8:315–317. 

22. Friedenstein, A.J., Gorskaja, J.F., Kulagina, N.N. (1976). Fibroblast precursors in normal and 

irradiated mouse hematopoietic organs. Experimental hematology, 4(5):267-274. 

23. Kern, S., et al. (2006). Comparative analysis of mesenchymal stem cells from bone marrow, 

umbilical cord blood, or adipose tissue. Stem Cells, 24(5):1294-1301. 

24. Caplan, A. I. (2009). Why are MSCs therapeutic? New data: new insight. J. Pathol., 217(2):318-32. 

25. Hass, R., Kasper, C., Böhm, S., Jacobs, R. (2011). Different populations and sources of human 

mesenchymal stem cells (MSC): A comparison of adult and neonatal tissue-derived MSC. Cell 

Communication and Signaling, 9(12). 



52 
 

26. Zuk, P.A., Zuh, M., Ashjian, P. et al. (2002). Human adipose tissue is a source of multipotent stem 

cells. Mol Biol Cell, 13:4279–4295. 

27. Stenderup, K., Justesen, J., Clausen, C., Kassem, M., (2003). Aging is associated with decreased 

maximal life span and accelerated senescence of bone marrow stromal cells. Bone, 33(6):919–

926, Dec. 2003. 

28. Wagner, W., et al, (2005). Comparative characteristics of mesenchymal stem cells from human 

bone marrow, adipose tissue, and umbilical cord blood. Experimental Hematology, 33:1402–

1416. 

29. Ortiz, L.A., Gambelli, F., McBride, C., Gaupp, D., Baddoo, M., Kaminski, N., Phinney, D.G. (2003). 

Mesenchymal stem cell engraftment in lung is enhanced in response to bleomycin exposure and 

ameliorates its fibrotic effects. Proc Natl Acad Sci U S A, 100:8407–8411. 

30. Spaeth, E., Klopp, A., Dembinski, J., Andreeff, M., Marini, F. (2008). Inflammation and tumor 

microenvironments: defining the migratory itinerary of mesenchymal stem cells. Gene Ther, 

15:730–738. 

31. Yagi, H., Soto-Gutierrez, A., Parekkadan, B., Kitagawa, Y., Tompkins, R.G., Kobayashi, N., 

Yarmush, M.L. (2010). Mesenchymal stem cells: Mechanisms of immunomodulation and homing. 

Cell Transplant, 19:667–679. 

32. Liu, Y., Yan, X., Sun, Z., Chen, B., Han, Q., Li, J., Zhao, R.C. (2007). Flk-1+ adipose-derived 

mesenchymal stem cells differentiate into skeletal muscle satellite cells and ameliorate muscular 

dystrophy in mdx mice. Stem Cells Dev, 16:695–706. 

33. Yan, X., Liu, Y., Han, Q., Jia, M., Liao, L., Qi, M., Zhao, R.C. (2007). Injured microenvironment 

directly guides the differentiation of engrafted Flk-1 (+) mesenchymal stem cell in lung. Exp 

Hematol, 35:1466–1475. 

34. Kotton, D.N., Ma, B.Y., Cardoso, W.V., Sanderson, E.A., Summer, R.S., Williams, M.C., Fine, A. 

(2001). Bone marrow-derived cells as progenitors of lung alveolar epithelium. Development, 

128:5181–5188. 

35. Rojas, M., Xu, J., Woods, C.R., Mora, A.L., Spears, W., Roman, J., Brigham, K.L. (2005). Bone 

marrow-derived mesenchymal stem cells in repair of the injured lung. Am J Respir Cell Mol Biol, 

33:145–152. 

36. Kopen, G.C., Prockop, D.J., Phinney, D.G. (1999). Marrow stromal cells migrate throughout 

forebrain and cerebellum, and they differentiate into astrocytes after injection into neonatal mouse 

brains. Proc Natl Acad Sci U S A, 96:10711–10716. 

37. Deng, J., Petersen, B.E., Steindler, D.A., Jorgensen, M.L., Laywell, E.D. (2006). Mesenchymal 

stem cells spontaneously express neural proteins in culture and are neurogenic after 

transplantation. Stem Cells, 24:1054–1064. 

38. Li, K., Han, Q., Yan, X., Liao, L., Zhao, R.C. (2010). Not a process of simple vicariousness, the 

differentiation of human adipose-derived mesenchymal stem cells to renal tubular epithelial cells 

plays an important role in acute kidney injury repairing. Stem Cells Dev, 19:1267–1275. 

39. Takahashi, M., Li, T.S., Suzuki, R., Kobayashi, T., Ito, H., Ikeda, Y., Matsuzaki, M., Hamano, K. 

(2006). Cytokines produced by bone marrow cells can contribute to functional improvement of the 



53 
 

infarcted heart by protecting cardiomyocytes from ischemic injury. Am J Physiol Heart Circ 

Physiol, 291:886–893. 

40. van Poll, D., Parekkadan, B., Cho, C.H., Berthiaume, F., Nahmias, Y., Tilles, A.W., Yarmush, M.L. 

(2008). Mesenchymal stem cell-derived molecules directly modulate hepatocellular death and 

regeneration in vitro and in vivo. Hepatology, 47:1634–1643. 

41. Nemeth, K., Leelahavanichkul, A., Yuen, P.S., Mayer, B., Parmelee, A., Doi, K., Robey, P.G., 

Leelahavanichkul, K., Koller, B.H., Brown, J.M., (2009). Bone marrow stromal cells attenuate 

sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase their 

interleukin-10 production. Nat Med, 15:42–49. 

42. Gupta, N., Su, X., Popov, B., Lee, J.W., Serikov, V., Matthay, M.A. (2007). Intrapulmonary delivery 

of bone marrow-derived mesenchymal stem cells improves survival and attenuates endotoxin-

induced acute lung injury in mice. J Immunol, 179:1855–1863. 

43. Di Nicola, M., Carlo-Stella, C., Magni, M., Milanesi, M., Longoni, P.D., Matteucci, P., Grisanti, S., 

Gianni, A.M. (2002). Human bone marrow stromal cells suppress T-lymphocyte proliferation 

induced by cellular or nonspecific mitogenic stimuli. Blood, 99:3838–3843. 

44. Bouffi, C., Bony, C., Courties, G., Jorgensen, C., Noel, D. (2010). IL-6-dependent PGE2 secretion 

by mesenchymal stem cells inhibits local inflammation in experimental arthritis. PLoS One, 

5:e14247. 

45. Foraker, J.E., Oh, J.Y., Ylostalo, J.H., Lee, R.H., Watanabe, J., Prockop, D.J. (2011). Cross-talk 

between human mesenchymal stem/progenitor cells (MSCs) and rat hippocampal slices in LPS-

stimulated cocultures: the MSCs are activated to secrete prostaglandin E2. J Neurochem, 

119:1052–1063. 

46. Kinnaird, T., Stabile, E., Burnett, M.S., Shou, M., Lee, C.W., Barr, S., Fuchs, S., Epstein, S.E. 

(2004). Local delivery of marrow-derived stromal cells augments colateral perfusion through 

paracrine mechanisms. Circulation, 109:1543–1549. 

47. Kinnaird, T., Stabile, E., Burnett, M.S., Lee, C.W., Barr, S., Fuchs, S., Epstein, S.E. (2004). 

Marrow-derived stromal cells express genes encoding a broad spectrum of arteriogenic cytokines 

and promote in vitro and in vivo arteriogenesis through paracrine mechanisms. Circ Res, 94:678–

685. 

48. Ortiz, L.A., Dutreil, M., Fattman, C., Pandey, A.C., Torres, G., Go, K., Phinney, D.G. (2007). 

Interleukin 1 receptor antagonist mediates the antiinflammatory and antifibrotic effect of 

mesenchymal stem cells during lung injury. Proc Natl Acad Sci U S A, 104:11002–11007. 

49. Krasnodembskaya, A., Song, Y., Fang, X., Gupta, N., Serikov, V., Lee, J.W., Matthay, M.A. 

(2010). Antibacterial effect of human mesenchymal stem cells is mediated in part from secretion 

of the antimicrobial peptide LL-37. Stem Cells, 28:2229-2238. 

50. Selmani, Z., Naji, A., Zidi, I., Favier, B., Gaiffe, E., Obert, L., Borg, C., Saas, P., Tiberghien, P., 

Rouas-Freiss, N. (2008). Human leukocyte antigen-G5 secretion by human mesenchymal stem 

cells is required to suppress T lymphocyte and natural killer function and to induce 

CD4+CD25highFOXP3+ regulatory T cells. Stem Cells, 26:212–222. 



54 
 

51. Fang, X., Neyrinck, A.P., Matthay, M.A., Lee, J.W. (2010). Allogeneic human mesenchymal stem 

cells restore epithelial protein permeability in cultured human alveolar type II cells by secretion of 

angiopoietin-1. J Biol Chem, 285:26211–26222. 

52. Lee, J.W., Fang, X., Gupta, N., Serikov, V., Matthay, M.A. (2009). Allogeneic human mesenchymal 

stem cells for treatment of E. coli endotoxin-induced acute lung injury in the ex vivo perfused 

human lung. Proc Natl Acad Sci U S A, 106:16357–16362. 

53. Kim, Y., Kim, H., Cho, H., Bae, Y., Suh, K., Jung, J. (2007). Direct comparison of human 

mesenchymal stem cells derived from adipose tissues and bone marrow in mediating 

neovascularization in response to vascular ischemia. Cell Physiol Biochem, 20:867–876. 

54. Zhang, W., Ge, W., Li, C., You, S., Liao, L., Han, Q., Deng, W., Zhao, R.C. (2004). Effects of 

mesenchymal stem cells on differentiation, maturation, and function of human monocyte-derived 

dendritic cells. Stem Cells Dev, 13:263–271. 

55. Chen, L., Zhang, W., Yue, H., Han, Q., Chen, B., Shi, M., Li, J., Li, B., You, S., Shi, Y. (2007). 

Effects of human mesenchymal stem cells on the differentiation of dendritic cells from CD34+ 

cells. Stem Cells Dev, 16:719–731. 

56. Zhang, B., Liu, R., Shi, D., Liu, X., Chen, Y., Dou, X., Zhu, X., Lu, C., Liang, W., Liao, L. (2009). 

Mesenchymal stem cells induce mature dendritic cells into a novel Jagged-2-dependent 

regulatory dendritic cell population. Blood, 113:46–57. 

57. Aggarwal, S., Pittenger, M.F. (2005). Human mesenchymal stem cells modulate allogeneic 

immune cell responses. Blood, 105:1815–1822. 

58. English, K., Ryan, J.M., Tobin, L., Murphy, M.J., Barry, F.P., Mahon, B.P. (2009). Cell contact, 

prostaglandin E(2) and transforming growth factor beta 1 play non-redundant roles in human 

mesenchymal stem cell induction of CD4+CD25(High) forkhead box P3+ regulatory T cells. Clin 

Exp Immunol, 156:149–160. 

59. Augello, A., Tasso, R., Negrini, S.M., Amateis, A., Indiveri, F., Cancedda, R., Pennesi, G. (2005). 

Bone marrow mesenchymal progenitor cells inhibit lymphocyte proliferation by activation of the 

programmed death 1 pathway. Eur J Immunol, 35:1482–1490. 

60. Corcione, A., Benvenuto, F., Ferretti, E., Giunti, D., Cappiello, V., Cazzanti, F., Risso, M., 

Gualandi, F., Mancardi, G.L., Pistoia, V. (2006). Human mesenchymal stem cells modulate B-cell 

functions. Blood, 107:367–372. 

61. Asari, S., Itakura, S., Ferreri, K., Liu, C.P., Kuroda, Y., Kandeel, F., Mullen, Y. (2009). 

Mesenchymal stem cells suppress B-cell terminal differentiation. Exp Hematol, 37:604–615. 

62. Sotiropoulou, P.A., Perez, S.A., Gritzapis, A.D., Baxevanis, C.N., Papamichail, M. (2006). 

Interactions between human mesenchymal stem cells and natural killer cells. Stem Cells, 24:74–

85. 

63. Spaggiari, G.M., Capobianco, A., Becchetti, S., Mingari, M.C., Moretta, L. (2006). Mesenchymal 

stem cell-natural killer cell interactions: evidence that activated NK cells are capable of killing 

MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood, 107:1484–1490. 

64. Ankrum, J., Karp, J.M. (2010). Mesenchymal stem cell therapy: two steps forward, one step back. 

Trends in Molecular Medicine, 16(5):203–209. 



55 
 

65. Jung, S., Panchalingam, K.M., Rosenberg, L., Behie, L.A. (2012). Ex vivo expansion of human 

mesenchymal stem cells in defined serum-free media. Stem Cells International, 2012(2012):21 

pages. 

66. Schallmoser, K., Rohde, E., Reinisch, A. (2008). Rapid large scale expansion of functional 

mesenchymal stem cells from unmanipulated bone marrow without animal serum. Tissue 

Engineering, 14(3):185–196. 

67. Schop, D., Janssen, F.W., Borgart, E., de Bruijn, J.D., van Dijkhuizen-Radersma, R. (2008). 

Expansion of mesenchymal stem cells using a microcarrier-based cultivation system: growth and 

metabolism. J Tissue Eng Regen Med, 2(2–3):126–135. 

68. Rowley, J.A., et al. (2012). Meeting lot-size challenges of manufacturing adherent cells for therapy. 

Bioprocess Int, 10(3):S16-S22. 

69. Pattasseril, J., Varadaraju, H., Lock, L., Rowley, J.A. (2013). Downstream technology landscape 

for large-scale therapeutic cell processing. Bioprocess International, 11(3):38-46. 

70. Bhatia, R. (2012). Process Development and Scale-up of an Allogenic Cell Therapy Product. 

Public Presentation at ESBES/ISPP Conference. 

71. van Reis, R., Leonard, L. C., Hsu, C. C., & Builder, S. E. (1991). Industrial scale harvest of 

proteins from mammalian cell culture by tangential flow filtration. Biotechnology and 

Bioengineering, 38(4), 413–422. 

72. Peixoto, C., Marcelino, I., Amaral, A. I., Carrondo, M. J. T., & Alves, P. M. (2007). Purification by 

membrane technology of an intracellular Ehrlichia ruminantium candidate vaccine against 

heartwater. Process biochemistry, 42(7), 1084–1089. 

73. Vicente, T., Peixoto, C., Carrondo, M. J. T., & Alves, P. M. (2009). Purification of recombinant 

baculoviruses for gene therapy using membrane processes. Gene therapy, 16(6):766–775. 

74. Maiorella, B., Dorin, G., & Carion, A. (1991). Crossflow microfiltration of animal cells. 

Biotechnology and Bioengineering, 37:121–126. 

75. Saha, K., Lin, Y. C., & Wong, P. K. (1994). A simple method for obtaining highly viable virus from 

culture supernatant. Journal of virological methods, 46(3):349–352. 

76. Culme-Seynour, E.J. et al. (2012). A decade of cell therapy clinical trials (2000-2010). Regen Med, 

7(4):455-462. 

77. Rowley, J.A. (2010). Developing cell therapy biomanufacturing processes. Chem Eng Prog, S50-

S55. 

78. Ko, H.F., Bhatia, R. (2012). Evaluation of Single-Use Fluidized Bed Centrifuge System for 

Mammalian Cell Harvesting. BioPharm International, 25(11):34–40. 

79. Dragani, A., Angelini, A., Iacone, A., D'Antonio, D., & Torlontano, G. (1990). Comparison of five 

methods for concentrating progenitor cells in human marrow transplantation. Blut, 60(5):278–281. 

80. Fletcher, N. et al. (2010). Turn batch to continuous processing. Manufacturing chemist, 24-26. 

81. Thomas, H. et al. (2008). Batch-to-continuous – coming out of age. Chem Eng, 805:38-40. 

82. Utterback, J.M. et al. (1994). Mastering the dynamics of innovation. Boston, MA: Harvard Business 

School Press. 



56 
 

83. Bisson, W. (2008). Continuous manufacturing – the ultra lean way of manufacturing. ISPE 

Innovations in process technology for manufacture of APIs and BPCs. Copenhagen, 7 – 11 April. 

84. Schaber, S.D., Gerogiorgis, D.I., Ramachandran, R., Evans, J.M., Barton, P.I., Trout, B.L. (2011). 

Economic analysis of integrated continuous and batch pharmaceutical manufacturing: a case 

study. I&EC, 50(17):10083-10092. 

85. Warikoo, V., Konstantinov, K., et al. (2012). Integrated continuous production of recombinante 

therapeutic proteins. Biotechnology and Bioengineering, 109(12):3018-3029. 

86. Mattews, T., (2009). The future of biologics manufacturing. BioProcess International Conference, 

Anaheim, CA. 

87. Kehoe, D.E., Jing, D., Lock, L.T., Tzanakakis, E.S. (2010). Scalable stirred-suspension bioreactor 

culture of human pluripotent stem cells. Tissue Eng Part A, 16(2):405–421. 

88. Friedenstein, A.J., Petrakova, K.V., Kurolesova, A.I., Frolova, G.P. (1968). Heterotopic of bone 

marrow. Analysis of precursor cells for osteogenic and hematopoietic tissues. Transplantation, 

6(2):230–47. 

89. Povsic, T.J., Henry, T.D., et al (2013). A phase 3, randomized, double-blinded, active-controlled, 

unblinded standard of care study assessing the efficacy and safety of intramyocardial autologous 

CD34+ cell administration in patients with refractory angina: Design of the RENEW study. 

American Heart Journal, 165(6):854-861. 

90. Frauenschuh, S., Reichmann, E., Reichmann, E., Goetz, P.M., Sittinger, M., Ringe, J. (2008).A 

Microcarrier-Based Cultivation System for Expansion of Primary Mesenchymal Stem Cells. 

Biotechnology progress, 23(1):187-193. 

91. Hewitt, C.J., Lee, K., Nienow, A.W., Thomas, R.J., Smith, M., Thomas, C.R. (2011). Expansion of 

human mesenchymal stem cells on microcarriers. Biotechnol Lett, 33:2325–2335. 

92. Yang, Y., Rossi, F., Putninsa, E.E. (2007). Ex vivo expansion of rat bone marrow mesenchymal 

stromal cells on microcarrier beads in spin culture. Biomaterials, 28(20):3110-3120. 

93. Sart, S., Schneider, Y., Agathos, S.N. (2009). Ear mesenchymal stem cells: An efficient adult 

multipotent cell population fit for rapid and scalable expansion. Journal of Biotechnology, 

139(4):291-299. 

94. Timmins, N.E., Kiel, M., Gunther, M., Heazlewood, C., Doran, M.R., Brooke, G., Atkinson, K. 

(2011). Closed System Isolation and Scalable Expansion of Human Placental Mesenchymal 

Stem Cells. Biotechnology and Bioengineering, 109(7):1817-1826. 

95. Santos, F., Campbell, A., Silva, C.L., Cabral, J.M.S. (2012). A xenogeneic-free bioreactor system 

for the clinical-scale expansion of human mesenchymal stem/stromal cells. Biotechnology and 

Bioengineering, 111(6):1116-1127. 

96. Hervy, M., Weber, M., Dolley-Sonneville, P., Henry, D., Zhou, Y., Melkoumian, Z. (2014). Long 

Term Expansion of Bone Marrow-Derived hMSCs on Novel Synthetic Microcarriers in Xeno-Free, 

Defined Conditions. PLOS One, 9(3). 

97. Cukierman, E., Pankov, R., Yamada, K.M. (2002). Cell interactions with three-dimensional 

matrices. Curr Opin Cell Biol, 14:633-639. 



57 
 

98. Lund, A.W., Yener, B., Stegemann, J.P., Plopper, G.E. (2009). The natural and engineered 3D 

microenvironment as a regulatory cue during stem cell fate determination. Tissue Eng Part B Ver, 

15:371-380. 

99. Pampaloni, F., Reynaud, E.G., Stelzer, E.H. (2007). The third dimension bridges the gap between 

cell culture and live tissue. Nat Rev Mol Cell Biol, 8:839-845. 

100. Santos, F., Andrade, P.Z., Abecassis, M.M., Gimble, J.M., Chase, L.G., Campbell, A.M., 

Boucher, S., Vemuri, M.C., Silva, C.L., Cabral, J.M.S. (2011). Toward a Clinical-Grade Expansion 

of Mesenchymal Stem Cells from Human Sources: A Microcarrier-Based Culture System Under 

Xeno-Free Conditions. Tissue Engineering Part C: Methods, 17(12):1201-1210. 

101. Jing, D., Sunil, N., Punreddy, S., Aysola, M., Kehoe, D., Murrel, J., Rook, M., Niss, K. (2013). 

Growth Kinetics of Human Mesenchymal Stem Cells in a 3-L Single-Use, Stirred-Tank Bioreactor. 

BioPharm International, 26(4):28-38. 

102. Weber, C., Freimark, D., Pörtner, R., Pino-Grace, P., Pohl, S., Wallrapp, C., Geigle, P., Czermak, 

P. (2010). Expansion of human mesenchymal stem cells in a fixed-bed bioreactor system based 

on non-porous glass carrier – Part A: Inoculation, cultivation, and cell harvest procedures. 

International Journal of Artificial Organs, 33(8): 512-525. 

103. Nolda, P., Brendel, C., Neubauer, A., Bein, G., Hackstein, H. (2013). Good manufacturing 

practice-compliant animal-free expansion of human bone marrow derived mesenchymal stroma 

cells in a closed hollow-fiber-based bioreactor. Biochemical and Biophysical Research 

Communications, 430(1):325–330. 

104. Rafiq, Q.A., Brosnan, K.M., Coopman, K., Niewnow, A.W., Hewitt, C.J. (2013). Culture of human 

mesenchymal stem cells on microcarriers in a 5 l stirred-tank bioreactor. Biotechnol Lett, 

35:1233–1245. 

105. Zhou, L., Kong, J., Zhuang, Y., Chu, J., Zhang, S., Guo, M. (2013). Ex vivo Expansion of Bone 

Marrow Mesenchymal Stem Cells Using Microcarrier Beads in a Stirred Bioreactor. Biotechnology 

and Bioprocess Engineering, 18:173-184. 

106. Tostões, R.M., Leite, S.B., Miranda, J.P., Sousa, M., Wang, D.I.C., Carrondo, M.J.T., Alves, P.M. 

(2010). Perfusion of 3D Encapsulated Hepatocytes—A Synergistic Effect Enhancing Long-Term 

Functionality in Bioreactors. Biotechnology and Bioengineering, 108(1):41-49. 

107. Serra, M., Brito, C., Sousa, M.F., Jensen, J., Tostões, R., Clemente, J., Strehl, R., Hyllner, J., 

Carrondo, M.J., Alves, P.M. (2010). Improving expansion of pluripotent human embryonic stem 

cells in perfused bioreactors through oxygen control. Journal of Biotechnology, 148(4):208-215. 

108. Eibes, G., Santos, F., Andrade, P.Z., Boura, J.S., Abecassis, M.M.A., Silva, C.L., Cabral, J.M.S. 

(2010). Maximizing the ex vivo expansion of human mesenchymal stem cells using a 

microcarrier-based stirred culture system. Journal of Biotechnology, 146(4):194–197. 

109. Alt, E., Yan, Y., Gehmert, S., Song, Y.H., Altman, A., Gehmert, S. (2011). Fibroblasts share 

mesenchymal phenotypes with stem cells, but lack their differentiation and colony-forming 

potential. Biology of the cell / under the auspices of the European Cell Biology Organization, 

103(4), 197–208. 

110. Ho, W., Sirkar, K.K. (1992). Membrane handbook. Springer Science + Business Media, LLC. 



58 
 

111. van der Valk, J., et al. (2004). The humane collection of fetal bovine serum and possibilities for 

serum-free cell and tissue culture. Toxicology in vitro, 18(1):1-12. 

112. Jungbauer, A. (2013). Continuous downstream processing of biopharmaceuticals. Trends in 

Biotecnol, 31:479-492. 

113. Cheryan, M. (1998). Ultrafiltration and Microfiltration Handbook, first ed. Technomic Publishing 

AG, Basel. 

114. Koehler, J.A., Ulbricht, M., Belfort, G. (1997). Intermolecular Forces between Proteins and 

Polymer Films with Relevance to Filtration. Langmuir 13:4162-4171. 

115. Cunha, B., Peixoto, C., Silva, M., Carrondo, M.J.T., Serra, M., Alves, P.M. (2014). Filtration 

methodologies for the clarification and concentration of human mesenchymal stem cells. J Membr 

Sci, Submitted. 

116. Campbell, N.A., Reece, J.B., Mitchell, L.G. (1999). Biology. Benjamin/Cummings: Menlo Park, 

CA, USA. 

117. Ozturk, S.S., Palsson, B.O. (1999). Growth, metabolic, and antibody kinetics of hybridoma cell 

culture: 2. Effect of serum concentration, dissolved oxygen concentration, and medium pH in a 

batch reactor. Biotechnol Prog, 7:481-494. 

118. Cruz, H.J., Moreira, J.L., Carrondo, M.J.T. (1999). Metabolic shift by nutrient manipulation in 

continuous cultures of BHK cells. Biotechnol Bioeng, 66:104-113. 

119. Parekkadan, B., Milwid, J.M. (2010). Mesenchymal stem cells as therapeutics. Annu Rev Biomed 

Eng, 12:87-117. 

120. Hare, J.M., Traverse, J.H., Henry, T.D., Dib, N., Strumpf, R.K., Schulman, S.P., Gerstenblith, G., 

DeMaria, A.N., Denktas, A.E., Gammon, R.S. (2009). A randomized, double-blind, placebo-

controlled, dose-escalation study of intravenous adult human mesenchymal stem cells 

(prochymal) after acute myocardial infarction. J Am Coll Cardiol, 54:2277-2286. 

121. King, J.A., Miller, W.M. (2007). Bioreactor development for stem cell expansion and controlled 

differentiation. Current Opinion in Chemical Biology, 11(4):394-398. 

122. Butler, M. (2005). Animal cell cultres: recent achievements and perspectives in the production of 

biopharmaceuticals. Appl Microbiol Biotechnol, 68:283-291. 

123. Xie, L., Wang, D.I. (1997). Integrated approaches to the design of media and feeding strategies 

for fed-batch cultures of animal cells. Trends Biotechnol, 15:109-113. 

124. Cruz, H.J., Moreira, J.L., Carrondo, M.J.T. (2000). Metabolically optimised BHK cell fed-batch 

cultures. J Biotechnol, 80:109-118. 

125. Mercille, S., Johnson, M., Lanthier, S., Kamen, A.A., Massie, B. (2000). Understanding factors 

that limit the productivity of suspension-based perfusion cultures operated at high medium 

renewal rates. Biotechnol Bioeng, 67:435-450. 

126. Clincke, M., Mölleryd, C., Zhang, Y, Lindskog, E., Walsh, K., Chotteau, V. (2011). Study of a 

recombinant CHO cell line producing a monoclonal antibody by ATF or TFF external filter 

perfusion in a WAVE Bioreactor™. BMC Proceedings, 5(Suppl 8):P105. 

127. Bleckwenn, N.A., Golding, H., Bentley, W.E., Shiloach, J. (2005). Production of Recombinant 

Proteins by Vaccinia Virus in a Microcarrier Based Mammalian Cell Perfusion Bioreactor. 



59 
 

Biotechnology and Bioengineering, 90(6):663-674. 

128. Genzel, Y., Vogel, T., Buck, J., Behrendt, I., Ramirez, D.V., Schiedner, G., Jordan, I., Reichl, U. 

(2014).High cell density cultivations by alternating tangential flow (ATF) perfusion for influenza A 

virus production using suspension cells. Vaccine, article in press. 

129. Simaria, A.S., Hassan, S., Varadaraju, H., Rowley, J., Warren, K., Vanek, P., Farid, S.S. (2014). 

Allogeneic Cell Therapy Bioprocess Economics and Optimization: Single-Use Cell Expansion 

Technologies, Biotechnology and Bioengineering, 111(1):69-83. 

130. European Medicines Agency, (2008). EMEA/CHMP Guideline on human cell-based medicinal 

products (EMEA/CHMP/410869/2006). 

131. Wolter, T., Richter, A., (2005). Assays for controlling host-cell impurities in biopharmaceuticals. 

BioProcess Int, 40-46. 

132. Watler, P.K., Rozembersky, J., (2011). Application of QbD Principles to Tangential Flow Filtration 

Operations, in: Rathore, A.S., Mhatre, R. (Eds.), Quality by Design for Biopharmaceuticals: 

Principles and Case Studies. John Wiley & Sons, Inc., New Jersey, pp. 111–126. 

133. Schwartz, L.M., (2003). Diafiltration for desalting or Buffer exchange. BioProcess Int. 43–49. 

134. Vassault, A., (1983). Lactate dehydrogenase: UV-method with pyruvate and NADH, in: 

Bergmeyer, H.U., Grassl, M. (Eds.), Methods of Enzymatic Analysis. John Wiley & Sons, New 

York, pp. 118-126. 


