
 
 

 

 

 

 

Bio-functionalization of microcarriers for the expansion of 

human neural stem cells 

 

 
Cheila Patrícia de Oliveira Madaleno 

 
 

 
Thesis to obtain the Master of Science Degree in 

 

Biomedical Engineering 
 
 

Supervisors: Dr. Carlos André Vitorino Rodrigues 

Prof. Frederico Castelo Alves Ferreira 

 

 

Examination Committee 
 

Chairperson: Prof. Ana Luísa Nobre Fred 

Supervisor: Dr. Carlos André Vitorino Rodrigues 

Members of the Committee: Prof. Maria Margarida Fonseca Rodrigues Diogo 
 
 
 
 

December 2015 



ii  

Acknowledgments 
 

 
I would like to acknowledge Professor Margarida Diogo for proposing my name for this thesis. A special 

thanks to Professor Joaquim Sampaio Cabral for giving me the opportunity to work in the SCBL-RM. 

I am deeply grateful to Dr. Carlos Rodrigues, for his guidance, patience, and teaching. I will never forget 

the answer to every question: „Agitar!‟. 

I would like to thank also to prof. Frederico Ferreira for the support and to be available to discuss the  

work. 

A special thanks for all the members of SCBL which helped me throughout my work, particularly to Miriam 

Sousa and Marta Costa, and to Teresa Esteves and Ana Vicente who kindly explained to me the infrared 

spectroscopy. 

To all my colleagues of the master´s room: André Silva, Joana Pinho and Francisco Pinheiro, 

To all my friends who were and are still present. 

Mais importante ainda, quero agradecer aos meus pais, ao meu irmão e à minha família todo apoio que 

me deram durante o meu percurso, principalmente nestes últimos 5 anos que foram dos mais difíceis e 

desafiantes da minha curta vida, ainda assim dos mais felizes. Espero que se sintam tão orgulhosos de 

mim quanto eu me sinto de vocês. 

Um grande OBRIGADO! 



iii  

 

Abstract 
 

 
The need to provide an unlimited supply of neural stem cells (NSCs) for scientific research and clinical 

applications is the drive for the development of efficient large scale bioprocesses. Microcarriers, which 

provide a surface for cell adhesion in suspension, combined with bioreactors are a possible scalable 

strategy. There are several microcarriers commercially available, however, there is a great need to design 

microcarriers tailored for the expansion of specific stem cell lines. This work focused on the 

functionalization of microcarriers‟ surface to enhance attachment and proliferation of long- term neural 

stem cell (lt-NES), when cultured under dynamic conditions. A screening of microcarriers improved by 

surface conjugation using two different techniques, laminin covalently bond through a 1-ethyl-3-[3- 

dimethylaminopropyl]carbodiimide (EDC) and N-hydroxysuccinimide (NHS) based reaction or through 

passive adsorption, was performed in static conditions. On the basis of those results, poly- 

ornithine/laminin adsorbed Plastic and laminin crosslinked Carboxyl microcarriers were compared in a 

spinner flask culture. Carboxyl microcarriers supported lt-NES proliferation in static conditions but cell 

detachment was observed in spinner flask. Plastic microcarriers revealed to be more efficient in lt-NES 

culture in a spinner flask, reaching a maximum fold increase of 1.69. Moreover, maintenance of lt-NES 

phenotypic properties expanded in the latter approach was verified by expression of neural markers  

Nestin and Sox2. The results obtained may be the basis for future optimizations of culture parameters for 

lt-NES expansion. 

 
 

Keywords: Microcarriers; Neural Stem Cells; EDC-sulfo NHS reaction; Adsorption; 
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Resumo 
 
 

A necessidade de estabelecer uma fonte ilimitada de células estaminais neurais para aplicação em 

investigação científica e em terapias clínicas é a base para o desenvolvimento de bioprocessos eficientes 

de larga escala. O uso de micropartículas, que proporcionam uma superfície para as células aderirem em 

suspensão, em conjunto com bioreactores é uma possível estratégia. Existem várias micropartículas 

disponíveis comercialmente, no entanto, ainda existe uma grande necessidade de desenvolver 

micropartículas adequadas à expansão de linhas celulares específicas. Este trabalho centrou-se na 

funcionalização da superfície das micropartículas para melhorar a adesão e proliferação de uma linha 

particular de células estaminais neurais (lt-NES), quando cultivadas em condições dinâmicas. 

Micropartículas funcionalizadas com laminina, quer através de uma reacção de ligação covalente 

(EDC/NHS) quer por adsorção passiva, foram comparadas em condições estáticas. Com base nos 

resultados obtidos, as micropartículas adsorvidas ou ligadas covalentemente à laminina foram testadas 

em sistemas agitados (spinner flasks). As partículas conjugadas covalentemente com laminina 

promoveram a adesão e o crescimento celulares em condições estáticas, mas resultados semelhantes 

não foram observados no spinner flask. As partículas adsorvidas com laminina revelaram ser mais 

eficientes na cultura das lt-NES em sistema agitado, resultando num fold increase de 1.5. Além disso, 

verificou-se a manutenção das propriedades fenotípicas das lt-NES expandidas nesse último sistema de 

cultura, através da expressão de marcadores neuronais tais como a Nestina e o Sox2. Os resultados 

obtidos neste trabalho poderão servir de base a futuras optimizações dos parâmetros de cultura para a 

expansão de lt-NES. 

 
 

 

Palavras-chave: Micropartículas; Células Estaminais Neurais; Reacção EDC/sulfo-NHS; Adsorpção 
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1   Introduction 
 
 
 
1.1    Stem Cells 

 
 

Stem cells emerged as a promising tool for research and therapeutic applications. Their unique features, 

the long-term capacity to generate identical stem cells (self-renewal) indefinitely and the ability to 

differentiate into other cells with specialized functions (potency), have brought new perspectives in the 

fields of regenerative medicine, drug discovery and disease modeling. 

To this date, various types of stem cells have been isolated and identified from different sources of the 

organism, in different stages of potency and are classified according to their potential to differentiate.   

Stem cells can be totipotent if they are capable of generating a whole organism. An example is the zygote 

(fertilized ovum). When a stem cell can generate cells from the three embryonic germ layers (ectoderm, 

endoderm and mesoderm) but lack the capacity to form an entire organism they can be classified as 

pluripotent stem cells (PSCs). Moreover, multipotent cells can differentiate into various cell types present 

in a specific tissue or organ and unipotent cells are able to give rise to a single cell type [1]. 

        Embryonic Stem Cells 
 

 
Embryonic stem cells (ESCs) are pluripotent stem cells derived from embryos. ESCs are isolated from the 

inner cell mass of the blastocyst (a 5-day embryo) and cultured in vitro. They are capable of proliferating 

indefinitely while maintaining their undifferentiated state [2]. 

In 1998, the generation of the first ESC line derived from human embryos was reported by Thomson et al 

[3]. These cells, termed human embryonic stem cells (hESCs), express certain genes essential for the 

maintenance of the undifferentiated, pluripotent state, namely Oct4, Nanog, and Sox2. Several other 

factors were also identified as markers of hESCs, such as the surface markers Tra-1-60, Tra-1-81, SSEA- 

3, SSEA-4 and alkaline phosphatase [2, 3]. Despite their clinical relevance, hESCs face ethical concerns 

regarding the use of human embryos for their derivation, and safety issues due to possible immune 

reactions after transplantation. Furthermore, establishment of robust protocols for differentiation into the 

desired target cells and/or efficient purification methods are essential to prevent the formation of  

teratomas after transplantation. 

   Induced Pluripotent Stem Cells 
 

In 2006, Shynia Yamanaka and his group reported the conversion of mouse fibroblasts into pluripotent 

stem  cells  using  four  transcription  factors  (Klf4,  Sox2,  Oct  3/4  and  c-Myc),  in  a  process       called 



2  

reprogramming [4]. Those cells were named induced pluripotent stem cells (iPSCs). In the following year, 

the same author reported the generation of iPSCs from human somatic cells using the same transcription 

factors [5]. 

iPSCs represent a breakthrough discovery in the stem cell field since they resemble ESCs in their ability  

to proliferate without limit while maintaining the capacity to differentiate into all cell types of the three germ 

layers in vitro. Moreover, iPSCs avoid the ethical concerns of using human embryos and the problem of 

immune rejection since they can be derived directly from the patient. Despite their promising potential, 

iPSCs still have to overcome various obstacles in order to be a valuable therapeutic tool. The 

reprogramming process, for example, is far away from being optimized, and improvements such as 

increased efficiency and safety, as well as cost and time reduction are of great need. In addition, 

tumorigenecity of iPSC is a currently studied topic, since there are recent evidences that iPSCs are more 

prone to form teratomas, given the genetic modifications that occur during the reprogramming step and  

the possible retaining of the epigenetic memory of the cell of origin [6]. 

   Neural Stem Cells 
 

 
Neural stem cells (NSCs) are defined as multipotent cells and therefore, are able to self-renew for long 

periods of time and generate more restricted neural lineages, such as neurons and glia (including 

oligodendrocytes and astrocytes) [7]. These cells are present in the developing embryonic brain and,  

more recently, were identified also in certain regions of the adult brain where they might be able to 

regenerate diseased or injured sites [8]. 

1.1.3.1 In vivo sources of NSCs 
 

Depending on the stage of CNS development and spatial organization, NSCs exhibit several  

morphologies and are present in different quantities. From neuroepithelium induction until CNS full 

maturation, NSCs undergo progressive restriction in their potency and self-renewal [9]. The origin of the 

central nervous system (CNS) begins with the induction of the neuroectoderm which forms the neural  

plate and, later, the neural tube, structures where neuroepithelial progenitors (NEPs) can be identified. 

Radial glia (RG) is derived from NEPs at the beginning of neurogenesis and gradually replace the 

progenitors. RGs express typical astroglial markers and are a heterogeneous population of neural 

progenitors committed to different neural fates [10] . RG are involved in the migration of neurons towards 

their final destinations, provide structural support during axon growth, and probably are the source of 

multipotent adult neural stem cells[11]. From the asymmetric divisions of NEPs and RG result the basal 

progenitors (BPs), which reside in the subventricular zone (SVZ) in the developing telencephalon. This 

type  of  progenitors  are  associated  with  increased  neuron  production  by  undergoing  symmetric   cell 
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divisions that generate two neuronal daughter cells, explaining their alternative denomination of 

intermediate progenitors [12]. 

It was assumed that neurogenesis ceased in adulthood but there is now evidence that NSCs are still  

active in the adult mammalian brain, explaining its potential, although limited, to generate new neurons 

and glia. The so called adult progenitors reside in certain microenvironments called neurogenic niches 

(Figure 1), where conditions are favorable for the emergence of new neurons and preservation of self- 

renewal. The subgranular zone (SGZ) of the dentate gyrus of the hippocampus and the SVZ of lateral 

ventricles have been identified as neurogenic niches [9]. This finding reveals the residual plasticity of the 

brain, yet important for the replacement or repair of damaged neurons, in the learning process or memory. 

Given their potential role in adult life, the decline of NSCs proliferation with aging is a topic which needs 

further investigation. Also, the fact that NSCs are present only in restricted areas of the brain in small 

numbers and the difficulty to maintain them in vitro for multiple passages represent challenges regarding 

their isolation and expansion. 

 

 
Figure 1: Niches of NSCs in the rat brain. Adapted from [13]. 

 
 

 

1.1.3.2 NSCs in vitro derivation 
 

Neurodevelopment is a highly complex set of processes yet not completely understood. The mechanisms 

that trigger cells toward a neural fate are not characterized in detail; can either be removal of inhibitory 

factors, exposure to specific pathways, and are likely influenced by spatiotemporal dynamics of the 

developing brain. Nonetheless, researchers have been able to generate and propagate in vitro NSCs from 

ESCs or iPSCs differentiation, or to isolate and expand NSCs derived from the fetal or adult brain (Figure 

2). Derivation of neural lineages from PSCs has been achieved with different protocols: embryoid body 

formation, co-culture with stromal cells, among others [2, 9, 14]. 
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Figure 2: Sources of NSCs (Adapted from [7]) 

 
 

 
Embryoid bodies (EB) are spherical cell clusters observed after spontaneous or induced differentiation of 

PSCs cultured in low attachment plates. Induced differentiation can be promoted in EB by adding certain 

morphogens or growth factors. On the other hand, differentiation can be induced by direct cell-to-cell 

interactions between ESCs and other different cell types, in co-cultures systems. Several stromal cell lines 

are capable of inducing neural differentiation in co-cultures with ESCs and are typically isolated from the 

bone marrow [15]. Ideally, differentiation of PSCs into neuronal lineages would be performed in animal  

and feeder-free conditions, to avoid the risk of contamination with non-neural cells, using chemically 

defined medium and without EB formation, given their heterogeneity and gradients of nutrients, oxygen, 

etc [14]. 

Koch et al, generated and described a pure neural cell population termed long-term self-renewing 

neuroepithelial-like stem cell (lt-NES), which was the cell population used in this work [16, 17]. Briefly, the 

protocol for neural differentiation included hESC culture in suspension as EB, formation of neural rosettes, 

subsequent growth into three dimensions and manual isolation. The isolated structures were kept as 

floating spheres, dissociated into single cells and plated as a monolayer in poly-ornithine/laminin coated 

dishes in basal media enriched with N2 supplement, and in the presence of fibroblast growth factor (FGF- 

2), epidermal growth factor (EGF) and the B27 supplement [16, 17]. Lt-NES are capable of self-renewing 

for more than 100 passages while maintaining a stable potential for neurogenesis and glial differentiation. 

They express the neural precursor cell markers Nestin and Sox2, the neuronal progenitor transcription 

factors Sox1 and Pax6 and exhibit rosette patterns, which are typical of neural stem cells [16]. They are 

negative for the expression of neuronal and glial differentiation markers, βIII-tubulin (Tuj1) and Glial 

Fibrillary Acid Protein (GFAP), respectively. Lt-NES have been successfully derived both from hESCs and 

iPSCs [16], with the capacity to differentiate predominantly into GABAergic neurons, nonetheless, their 

differentiation ability can still be controlled towards different neuronal phenotypes using defined 

morphogens [17]. 
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1.1.3.3 NSCs Culture 
 

In the last decades, the NSCs field has benefited from the progresses achieved in cell isolation,  

purification and culture. NSCs can be expanded in vitro through adherent culture systems or as free- 

floating aggregates, termed neurospheres (Figure 3). 

Neurospheres can be established in two ways: NSCs isolated from the fetal or adult brain or by 

ESCs/iPSCs derivation. NSCs isolated from adult and developing nervous system of rat and mice are 

dissociated into single-cell suspensions and then plated in defined serum-free media supplemented with 

EGF and FGF-2. These factors are vital to prevent spontaneous differentiation and to maintain self- 

renewal. However, neurospheres are characterized by their heterogeneity, containing cells in different 

stages of differentiation, and also by their low numbers of NSCs [7, 18]. The outcome of neurosphere 

systems is dependent on cell density, medium composition and culture methods (method and frequency  

of passaging, for example) [9]. A main weakness is the limitation of oxygen and nutrients diffusion in the 

center of the aggregate where accumulation of by-products tends to occur. As a consequence, 

neurospheres present a large variation within and between cultures, which makes it difficult for data 

comparison and interpretation [19]. It was believed that the 3-dimensional (3D) structure of this system 

could mimic the in vivo niches of NSCs, being a more relevant physiological model to study. Nonetheless, 

cells are growing in an ex vivo environment, lacking the characteristic spatial organization of the CNS, the 

specific cell-cell interactions with the neighborhood and exposure to biological molecules [7]. Although 

useful as a functional assay for NSCs, neurospheres are not robust, homogeneous and stable systems for 

propagation of large number of cells in vitro [18]. 

As an alternative to neurospheres, adherent cultures support the propagation of NSCs in an easier way to 

control. The work of Conti et al. [19] and Pollard et al. [20] demonstrated the importance of the  

combination of EFG and FGF to suppress differentiation in long- term adherent cultures. They found that, 

with the provision of both factors, the populations generated were more homogeneous, had a higher 

neurogenic potential compared to neurospheres, maintained multipotency for several passages and 

expanded symmetrically. Furthermore, cells in this system are uniformly exposed to the growth factors  

and are easily monitored [9]. Pollard et al [20] also addressed the issue of detachment and cell 

aggregation at higher densities and at earlier passages by coating the plates with gelatin or poly- 

ornithine/laminin. Several reports of successful in vitro long term expansion of different NSCs as 

monolayers have been described, including the cells used in this work, lt-NES [16, 17]. Moreover, other 

strategies for adherent cell culture are being evaluated namely, using microcarriers and encapsulation in 

matrices [21]. 
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Figure 3: NSCs in vitro culture systems and outcomes of neuronal differentiation. Adapted from [7]. 

 
 

 
1.1.3.4 Applications of NSCs 

 

The ability of stem cells to produce new cells in response to injury or disease as well as their protective 

role predicts their therapeutic benefits if mobilized to such affected regions. Transplantation can thus be 

the answer in brain regeneration to the low numbers of adult NSCs in the brain and the proliferation 

decline with aging. NSCs survival and functional benefit has been documented in several regions of the 

CNS of rodents and nonhuman primates following transplantation [22-25]. However, some  other  

questions arise when translating NSC research to clinical practice, such as their ability to migrate to the 

correct injured site, to integrate into the host tissue and to survive in the host environment [26]. 

Furthermore, safe strategies to produce enough numbers of cells for therapeutic and research  

applications are needed as well as robust protocols to generate highly pure cell lines. Some clinical trials 

are already being conducted to assess the therapeutic value of such transplants: fetal-derived human 

NSCs are being tested in patients with spinal cord injury and retinal disease dry age-related macular 

degeneration (AMD) [27]. 

The understanding of the human CNS development has also been improved in the last years due to the 

resemblance of in vitro neural differentiation steps to embryonic neurogenesis. The recent description of 

the formation of a three-dimensional (3D)  brain tissue, called cerebral organoids, is an exciting example  

of an in vitro culture capable of recapitulating various human brain regions and similar organization to the 

developing brain [28]. 
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Furthermore, the roots of human neurological diseases are a permanent research question for 

neuroscientists scientific community, to which reprogramming technology have shed some light on. It is 

now possible to establish relevant disease models from iPSC-derived neural cells to study pathological 

mechanisms that lead to neurodegeneration. Parkinson´s disease, Alzheimer´s disease, Rett syndrome, 

multiple sclerosis and amyotrophic lateral sclerosis are some of the diseases whose phenotype has been 

modeled in vitro from differentiated human iPSCs derived directly from patients [29, 30]. These disease 

representations are useful as well to generate drug screening platforms to predict the efficacy of novel 

drugs, circumventing the inaccuracy of animal models, the limited information on how a patient may 

respond to a particular drug, thus avoiding failures of clinical trials. 

1.2    Scale-Up Culture Strategies 
 

 
Conventionally, the standard approach for stem cell culture has been based on static two-dimensional  

(2D) surfaces, like plastic plates or tissue flasks due to their simplicity, easy handling and low cost [31].  

For instance, adherent cells have been grown as monolayers on protein treated or uncoated plastic dishes 

or on top of feeder cells (e.g. mouse embryonic fibroblasts). However, such systems fail to mimic 3D in 

vivo conditions, regarding cell-cell and cell- extracellular matrix (ECM) interactions and integration of 

biophysical signals (mechanical, electrical, hydrodynamic) [32]. 

Moreover, scale-up of cell culture using 2D planar platforms for applications such as cell replacement 

therapy or drug screening tests is hardly feasible. Their low productivity due to the limited surface area 

available for cell growth requires the maintenance of multiple culture vessels simultaneously in order to 

produce relevant cell numbers. That implicates frequent cell passaging since vessels are restricted to one 

log of expansion, leading to extensive manual handling; will require laborious feeding procedures that may 

increase contamination risks as the number of units to handle increase. Also, such platforms are difficult  

to be monitored and controlled, leading to variation between units within a batch, affecting the accuracy of 

the results [33]. 

To exploit the clinical and industrial potential of stem cells and their derivatives, scale-up will require 

automated, more productive systems which must be reproducible, robust and cost-effective [33]. Such 

systems must address some key challenges to resemble tissue dynamics: they will have to provide 

adequate, uniformly distributed influxes of oxygen and nutrients at physiological concentrations, removal  

of carbon dioxide and metabolites and accommodate support materials for adherent cells. Moreover, cell 

harvesting procedures must also be addressed to ensure cell integrity. 

   Bioreactor systems for stem cell culture 
 

 

In general, systems operating at dynamic conditions satisfy the criteria mentioned above. There are 

several configurations of bioreactors which provide dynamic cultures: roller bottles, spinner flask, stirred 
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bioreactor, air-lift bioreactor, hollow fiber, fixed or fluidized-bed bioreactor, wave bioreactors and rotary cell 

culture systems, which will be briefly described in this section. 

Roller bottle culture (Figure 4a) is based on multiple cylindrical bottles placed in a rotating device, where 

cells are alternatively exposed to medium and the gas phase, allowing a more efficient oxygenation. The 

entire internal surface of the bottles is available for cell growth, allowing higher unit cell densities. This 

modality can accommodate up to hundreds of bottles but that also implies an increase in costs and 

handling. 

The stirred suspension bioreactors, including spinner flasks and stirred-tank bioreactors (Figure 4b), are 

relatively simple systems that use mechanical stirring to provide a homogeneous environment. High cell 

concentrations can be obtained in a controlled mode of operation, where it is possible to monitor 

biochemical and physical parameters (e.g., oxygen tension, pH, medium exchange rates, glucose 

concentration), which are very important when the final application is a therapeutic product. Different types 

of impellers (e.g. marine blade, cell lift) may be used to promote different agitation schemes and minimize 

the force exerted over the cells due to the flow of the media, named shear stress [31, 34]. Stirred 

suspension bioreactors can be combined with different 3D cell cultures (microcarriers, encapsulated cells, 

cell aggregates) to increase productivity, and stirred tank bioreactors, in particular, provide mass transport 

through different modes of operation (batch, fed-batch, perfusion) [33]. Perfusion is particularly 

advantageous, since fresh medium is continuously added and older medium removed while the cells are 

retained within the reactor. This mode is preferable when cell products are toxic or there is the need to  

use small volumes. Scale-up with stirred tank bioreactors is usually preceded by spinner flasks (Figure  

4c), which are small vessels, whose size ranges from a few milliliters to 20L, with an agitator to provide a 

mixed environment for cell culture in suspension. 

 

 
Figure 4: Several bioreactor configurations. a) Roller botlles; b) Stirred tank; c) Spinner flasks (Adapted from [35-37] ) 

 
 

 
Stirring is not only promoted by using mechanical devices, air-lift bioreactors use air or oxygen bubbled 

into the bottom to stimulate circulation. In this case, the height-diameter ratio must be high to improve 

motion and minimize cell damage (Figure 5 a). 
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Wave bioreactors eliminated the need for sterilization and cleaning by using a disposable, sterile bag 

which is placed in a rocking platform, allowing to work under good manufacturing practices (GMP). The 

bag is partially filled with media and oxygen transfer occurs due to the motion waves induced in the media 

by the platform (Figure 5 b). Despite these wave reactors have the requirements to generate products 

suitable for clinical application, their high costs may hinder its use. 

The basis of the hollow fiber bioreactor is the growth of cells in the extra capillary space that surrounds 

semi-permeable fibers. The medium is carried by the capillaries, nutrients and gases diffuse through the 

hollow fiber membrane and pH and oxygen saturation are adjusted after each passage. Ceramic matrix 

module is a variation of the hollow fiber bioreactor, with the exception that cells are not separated from the 

medium flow by a membrane (Figure 5 c). 

Adherent and non-adherent cells can be cultured in packed bed bioreactors, where they are immobilized 

in a stationary matrix (e.g. micro spheres or fibers, macrocarriers for non-adherent cells) placed in a 

column (the bed) composed of packed particles (Figure 5 d). The bed is perfused with culture medium and 

the reactor can operate under batch, fed-batch or continuous perfusion modes, with possible control of 

culture parameters. Concentration gradients of nutrients and waste products may occur and sampling of 

cells is not possible. Fluidized bed bioreactors differ in the floating particles that constitute the bed and 

may cause shear stress [38]. 

Lastly, rotating wall vessels are composed by a rotating cylindrical vessel that simulates microgravity 

conditions, have low shear stress and provides a mixed environment and efficient gas transfer, but scale- 

up of this bioreactor configuration to large volumes is not straightforward (Figure 5 e) [33]. 
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Figure 5: Several bioreactor configurations. a) Air lift ; b) Wave bioreactor; c) Hollow-fiber; d) Fixed or fluidized bed; e) 

Rotating-wall vessel. Adapted from [36, 39-41] 

 
 

 

Despite the various existing devices, there is not an optimal and universal system for scale-up. There is 

still room for design improvements and optimization of culture conditions depending on the specific cell 

type. Hydrodynamic shear stress, for example, must be addressed through the design of different impeller 

configurations and variation of agitation speeds. The lack of cell wall in animal cells makes them sensitive 

to the forces created by the agitation, therefore, rates of flow media may exert various effects on cell 

expansion and differentiation. High flow rates can be responsible for cell disruption or slow growth, and,  

on the other hand, low flow rates could lead to cell clumping or aggregation [34]. Extensive research to 

determine the optimal values for critical parameters like dissolved oxygen, pH, perfusion rates, 

concentration of nutrients, growth factors, cytokine and many others is also necessary [42, 43]. 

Computer-controlled bioreactors to monitor and control those variables pave the way towards more 

automated platforms in real time and will be key players in the efficient production of high quality products 

for clinical applications. Mathematical models will also be valuable to predict stem cell behavior, process 

outcomes and aid in the optimization of the culture conditions at lower costs. 

   3D culture systems 
 

 
The capacity of stirred-tank bioreactors to support 3D culture strategies allowed the transition of 

anchorage-dependent cells from small to large-scale production. Developments in the field of biomaterials 

contributed significantly to create support materials to substitute tissue culture plates, in which adherent 
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cells could grow while taking advantage of the stirred vessel setting. Moreover, the influence of the native 

ECM geometry in cell function and identity is recapitulated more closely in the microenvironments  

provided by the 3D systems. Therefore, this approach may result in more accurate extrapolations to what 

is really occurring in vivo [33]. 

Various 3D suspension culture systems have been developed to promote the expansion of stem cells, 

such as cell encapsulation in biomaterials, cell aggregates, cells immobilized on microcarriers, and other 

3D scaffolds (Figure 6). Microcarriers will be detailed in section 1.4. 

. 

 

 
Figure 6: Representation of 3D culture systems. a) cell aggregates; b) Microcarriers; c) Encapsulated cells; Adapted 

from [33]. 

 
 

 

1.2.2.1 Cell aggregates 
 

Culturing cells as self-aggregated spheroids allows the simulation of the native microenvironment, since 

cells maintain 3D contact between them. However, they are heterogeneous cultures since cells at the 

surface and core of the aggregate are differently exposed to culture media, oxygen and metabolic 

products, which could result in the formation of necrotic zones at the core. To prevent those, aggregate 

size can be controlled by means of agitation in stirred bioreactors [33]. 3D aggregates are used for the 

differentiation of ESCs, through the formation of EB, and for NSC cultivation and differentiation as 

neurospheres, which were already discussed. 

1.2.2.2 Cell encapsulation 
 

In encapsulation, cells are immobilized within a semipermeable microcapsule that allows diffusion of mass 

and gas. This represents an alternative to aggregates and microcarriers since it prevents excessive cell 

agglomeration, protects cells from shear stress and preserves 3D native configurations. Alginate is a 

common material used for encapsulation, in combination with polylysine (pLL) [44]. A great advantage is 

the possibility to customize different biomaterials according to the application, aiming to improve culture 
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outcomes. Far from being an ideal system, encapsulation has several disadvantages such as the 

limitations in oxygen and nutrients diffusion inside the capsule, cell harvesting and difficulty in culture 

visualization and monitoring [33]. Cell encapsulation as a tool for transplantation may avoid 

immunorejection, thus, reducing the need for long-term immunosuppression, and it may allow the 

controlled delivery of therapeutic molecules, improve cell survival and engraftment in vivo. 

1.3   Microcarriers 

 
In 1967, Van Wezel described microcarriers for the growth of anchorage-dependent cells. By that time, 

those particles were used in other biological applications, including viral vaccines and antibodies 

production from mammalian adherent cells [45]. Currently, with the improvement of bioreactors compatible 

with microcarriers (stirred, wave, packed and fluidized-bed bioreactors), they have become a successful 

scale-up method for high density perfused cultures. 

Microcarriers are small spheres that allow the immobilization of adherent cells while in suspension in 

stirred cultures. Cells are mixed with the beads, attach to their surface, spread and grow as monolayers 

until contact confluence. 

   Microcarriers properties 
 

 
A variety of microcarriers are now commercially available, composed of different materials and having 

different shapes, sizes, porosity and surface modifications (Table 1). Despite this, there is still scope for 

design of cell-compatible microcarriers to optimize specific cell cultures since it has been shown that 

microcarrier properties affect differently cell attachment, growth rates and potency [38]. 

Microcarriers diameter vary from 100 to 400µm and size distribution should be as narrow as possible in 

order to prevent heterogeneous distribution of cells [46]. They can be made of inorganic materials, such  

as glass, silica and ceramics, or of organic natural polymers (e.g. collagen, alginate, gelatin…) or organic 

synthetic polymers (such as polystyrene, polyacrylamide, polyester, polyethylene, etc.). They can contain 

surface modifications to include functional groups or proteins for example, -COOH or -NH2 polystyrene 

resins used in this work or gelatin-coated dextran beads (Cytodex 3). Density of microcarriers is also 

variable, normally being slightly higher that the density of cell culture medium/water to allow microcarrier 

suspension [46]. Ideally, the particles should be transparent for direct observation of the cells, withstand 

sterilization and be mechanically stable throughout cultivation [47]. 
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Table 1: Characteristics of some commercially available microcarriers. 

 

Commercial 

name 

 
Manufacturer 

 
Core material 

Surface 

chemistry/coating 

(charge) 

 
Diameter (µm) 

Surface 

Area 

(cm2/g) 

Cytodex 1 
GE 

Healthcare 
Crosslinked dextran 

Tertiary amine throughout 

the matrix (+) 
147-248 4400 

 

Cytodex 3 
GE 

Healthcare 

 

Crosslinked dextran 
 

Denatured collagen (none) 
 

141-211 
 

2700 

 

Plastic 
Pall Life 

Sciences 

 

Crosslinked polystyrene 
 

None 
 

125-212 
 

360 

 

Plastic Plus 
Pall Life 

Sciences 

 

Crosslinked polystyrene 
 

Cationic (+) 
 

125-212 
 

360 

 

Pronectin F 
Pall Life 

Sciences 

 

Crosslinked polystyrene 
 

Recombinant protein (+) 
 

125-212 
 

360 

 

Cultispher S 
Percell 

Biolitica 

 

Gelatin 
 

None 
 

130-380 
 

- 

 

Hillex II 
Pall Life 

Sciences 

 

Modified polystyrene 
 

Cationic trimethyl amine (+) 
 

160-200 
 

515 

Glass Sigma Crosslinked polystyrene Silica glass (none) 125-212 360 

 

Collagen 
Pall Life 

Sciences 

 

Crosslinked polystyrene 
 

Gelatin (none) 
 

125-212 
 

360 

 
 

Microcarriers can be classified regarding their porosity in microporous or macroporous. In macroporous 

beads, such as Cultispher S, cells are able to grow inside the pores, which reduces their exposure to 

mechanical (stirring) and chemical stress (lactate and ammonia) at the surface. On the other hand, if the 

beads are not degradable, removing cells from the pores can be a difficult task, in such cases, it may be 

preferable to use solid microcarriers. In addition, cells inside the pores are exposed to a different 

environment, with limited access to nutrients [48]. 

This technology is more advantageous than 2D planar systems since it provides a higher surface-volume 

ratio: one gram of plastic microcarriers (manufactured by Pall/SoloHill) has a surface area equivalent to 

five 75cm2 culture flasks. Therefore, it allows higher cell densities per volume and the available surface 

area can easily be adjusted by changing the amount of microcarriers. Compared with 2D platforms, 

microcarrier systems reduce costs with medium and growth factors, and saves incubator space. 

Compared to cell culture as aggregates, the environment of the culture with microcarriers is more 

homogeneous, since cells grow as monolayers, being equally exposed to nutrients and growth factors. A 

challenge regarding this system is the efficient cell harvesting from the beads without loss of cell integrity. 

Gelatin or collagen microcarriers can be a solution, since they are susceptible to enzymatic degradation 

[49]. In addition,  cell separation from  the microcarriers  has  to be  guaranteed  when the final goal is     a 
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therapeutic application, which may be aided by the use of magnetic beads [50]. Microcarrier concentration 

must also be optimized since higher concentrations can result in bead-to-bead or bead-to-cell collisions 

and microcarrier suspension may become difficult to manipulate. Moreover, commercially available 

microcarriers are not optimized for the long term propagation of stem cells and additional ECM coatings 

are often required to improve culture performance [48]. 

   Adhesion to microcarriers 
 

 
Cell attachment to a substratum is mediated by nonspecific physical forces and specific adhesion 

interactions promoted by certain molecules. Among nonspecific physical forces are the  electrostatic 

forces, that occur between charged particles, and van der Waals forces, that arise between electrically 

neutral particles [51]. Electrostatic forces are repulsive if the bodies are of the same charge and attractive 

when of opposite charge. Stem cells have negatively charged surfaces and can be cultured on positively 

charged substrates, such as diethylaminoethyl (DEAE)-dextran, or pLL, being repelled, in theory, from 

materials such as plastic and glass that have negative charge. However, it appears that charge density 

plays a more critical role than the polarity of charge in cell attachment since cells can adhere to both 

negative and positive surfaces [49]. 

After the first nonspecific interactions, attachment and spreading of the cells rely on the specific adhesion 

interactions. Those are mediated by cell-adhesion molecules, which can be secreted by some cells or are 

naturally present in media supplemented with serum, and are adsorbed by surfaces, allowing cells to 

directly adhere to them. In serum-free conditions however, attachment proteins or peptides must be 

dissolved in the medium or coated into the surfaces. Collagen, laminin, vitronectin, fibronectin, 

proteoglycans, the ligand arginine-gycine-aspartic acid (RGD) sequence, which is the cell recognition site 

for a number of ECM proteins, are examples of ECM molecules involved in the adsorption process. The 

final step is the spreading of the cells onto the surface which is possible due to  cytoskeletal  

rearrangement without whom cells would not proliferate. [51]. 

Summing up, an ideal surface for cell attachment would combine electrostatic charge and adhesion 

promoting molecules. Electrostatic charge is responsible for rapid cell attachment while ECM protein 

coated surfaces allows cell spreading and growth. 

   Materials and surface properties 
 

 

Cells have been cultured in microcarriers made of numerous materials, whether they are natural or 

synthetic polymers or even inorganic materials. Since all of them have different properties, such as  

optical, physico-chemical and mechanical properties, they will have distinct interactions with the cells and 

will affect their behavior, thus, it is fundamental to use appropriate materials for each cell type. 
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Natural materials are usually biocompatible but face several limitations such as the animal source and its 

availability, the requirement for complex processes to isolate and purify the materials and batch-to-batch 

variations [52]. It is difficult to tune the mechanical properties and crosslinking is generally necessary to 

enhance stability. Alginate, collagen, cellulose and gelatin are natural polymers that have been used in  

cell culture since they integrate native biochemical signals [52]. On the other hand, synthetic materials are 

scalable, reproducible, have low immunogenicity and have more controlled properties regarding their 

structure, molecular weight, hydrophobicity, mechanics, therefore, are easily reproduced. Nevertheless, 

they do not mimic living tissue matrices and lack specific cellular stimulation which can be ameliorated  

with bio-functionalization [52]. 

The characteristics of the surface material also play a fundamental role since the interaction between cells 

and substrates occur at the surface. Charge density, surface topography, hydrophobicity (wettability), 

mechanical stiffness, chemical composition and surface modifications are some of the factors that may 

determine efficiency of cell adhesion and enhance growth if they provide cues that closely resemble the in 

vivo environment [46]. As mentioned, charge density has been pointed out as more relevant than charge 

polarity: cell attachment and growth would certainly benefit from the establishment of an optimal value. In 

fact, if charge density is low, cells will detach easily, on the other hand, if it is high, cells will adhere rapidly 

but wo not spread and grow, and on top of that, are more difficult to separate from the particles [47]. 

Rigidity also influences stem cell fate. It was recently shown that rigid substrates support maintenance of 

pluripotency of hESCs, while softer ones led to differentiation, which indicates hESCs are sensitive to the 

mechanical environment [53]. 

   Surface Functionalization 
 
 

In order to increase the efficiency of cell attachment in synthetic materials or that lack cell recognition  

sites, several strategies to modify surfaces of scaffolds have been considered: charging the surface, 

improving its hydrophilicity, coating with adhesion-molecules. Copolymerization with ionic monomers, low 

temperature plasma are techniques that provide electrical charge [47]. Hydrophobic surfaces can be 

subjected to alkaline hydrolysis, laser or plasma treatment to improve hydrophilicity [54]. 

Coatings in 2D substrates with ECM proteins are commonly performed by physical adsorption, which can 

also be translated to 3D systems. When such molecules are coupled to the surfaces, attachment and 

spreading are improved. Microcarriers coated with Matrigel, collagen, laminin and other molecules have 

been successful in the culture of human PSCs [48, 55, 56]. Particularly, Chen et al [48] investigated the 

effect of uncoated and laminin or Matrigel coated beads in static conditions. Despite the high attachment 

efficiency observed in uncoated microcarriers, lower cell yields were obtained and a tendency to 

differentiation was exhibited, as opposed to Matrigel or laminin coated beads, which supported long term 

propagation of hESCs. Physical adsorption, however, may not provide a strong stability to the  cell 

adhesive proteins due to the weak interactive forces, which may be surpassed by covalent links [54]. 
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Techniques to covalently conjugate molecules to a specific substrate include carbodiimide-mediated 

coupling, glutaraldehyde crosslinking, ultra-violet (UV) light, aminolysis, among others [57-60]. As an 

example, growth factors were covalently immobilized on microcarriers either by the carbodiimide EDC and 

NHS reaction or riboflavin/UV light-mediated crosslinking in order to enhance cell attachment [57]. The 

rationale behind this work was to prevent early burst release of the growth factors with surface 

immobilization through covalent bounds introduced by crosslinking. Carbodiimide conjugation was also 

performed in the work of Fan et al. [58] in which RGD-containing vitronectin was conjugated to  

polystyrene beads with –COOH groups on their surface via EDC/NHS reaction. Cells proliferated in 

peptide-conjugated microcarriers in static cultures but when under stirring in spinner flasks, extensive 

aggregation occurred and cells detached from the beads. To further strengthen the link between the cells 

and the surface, microcarriers were additionally treated with pLL, a positively charged synthetic polymer 

which enhanced cell attachment. 

In the present work, the microcarrier surface was functionalized with laminin which was conjugated either 

through physical adsorption or carbodiimide based reaction when in the presence of functional groups. 

This technique will be characterized next. 

1.3.4.1 EDC/sulfo-NHS coupling 
 

EDC/sulfo-NHS reaction is a coupling chemical reaction which conjugates proteins with other proteins, 

peptides, nucleotides or particles. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) is a water- 

soluble, biocompatible carbodiimide used to conjugate carboxylates (–COOH) to primary amines (–NH2) 

through the catalysis of an amide bond [61]. -NHS or sulfo-NHS (N-hydroxy sulfosuccinimide) are 

hydrophilic groups used to increase the stability of the intermediate formed in the reaction between EDC 

and carboxyl groups, via the formation of an active ester functional groups with carboxylates [61]. EDC- 

sulfo NHS reaction occurs in two steps: activation and coupling. First, free carboxyl groups react with EDC 

and form active esters in the presence of NHS or sulfo-NHS. This first activation phase can be terminated 

by adding β-mercaptoethanol which deactivates EDC, thus, blocking activation of remaining carboxyl 

groups. From this point, a second protein or particle containing amine groups can be added and amide 

crosslink occurs between the two compounds (Figure 7) [62]. 
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Figure 7: EDC/sulfo-NHS coupling reaction scheme. (1) and (2) can be proteins, peptides or chemicals containing 

carboxyl or primary amine groups, respectively [63]. 
 

This crosslinking method is one of the most important to covalently attach peptides or other molecules to a 

surface material, and is commonly used for peptide immobilization for affinity purification, to label carboxyl 

groups with amine compounds or to conjugate peptides to carrier proteins [63]. 

1.3.4.2 Coating substrates and molecules 
 
 

The biological molecules usually applied in coating procedures are the components of basement 

membranes, which are extracellular structures containing glycoproteins. Matrigel is one of the first cell 

adhesion coatings described for the propagation of human PSCs under feeder-free conditions and is still 

commonly used. It is a basement membrane preparation derived from mouse sarcomas, composed of 

many components, including laminin, collagen IV, entactin, proteoglycans and growth factors [64]. One of 

its components and the main one of basement membranes, laminin, is also applied individually as a 

coating substrate in cell culture, including NSCs culture. Laminin is a high molecular weight protein 

composed of three polypeptide chains joined together with disulfide bonds that it result in a “T”-shaped 

structure (Figure 8). It is responsible for several biological activities, including stimulation of growth and 

differentiation, neurite outgrowth promotion, promotion of cell attachment, mediation of cell communication 

and interactions between basement membrane components [65]. Other proteins extracted from animal 

sources that also possess cell recognition and adhesion motifs are collagen, fibronectin, vitronectin and 

gelatin. 
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Figure 8: Laminin structure. Chains A, B1 and B2 each containing the NH2 terminus. 1) ECM assembly; 2) triple 

coiled-coil represented by parallel straight lines; 3) cell-surface receptor binding domain; 4) collagen binding domain. 
Adapted from [65]. 

 

Such biological molecules are difficult to  exploit  given their  large molecular  weights  (e.g. laminin  is  

850 000 Da), their complex and costly isolation and purification processes, subject to batch-to-batch 

variations. It also may be difficult to obtain them from large-scale and high-quality sources [52]. Laminin is 

an example of a protein difficult or impossible to isolate in native form from tissues, only recently being 

produced as a recombinant protein. Hence, development of cost-effective bioactive synthetic coatings,  

fully defined, safe, xenogeneic-free and capable of supporting proliferation and potency, represent 

significant milestones [66]. 

Among the synthetic coatings develop thus far are the examples of the polymers poly[2- 

(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH) and 

aminopropylmethacrylamide (APMAAm), which sustain long-term expansion of hPSCs or Synthemax, 

which is constituted by an acrylate polymer functionalized with short amino-containing peptide sequences 

derived from vitronectin [64]. Polycations such as pLL or poly-ornithine, which are synthetic amino acid 

chains, are also used as coatings either alone or in combination with other molecules. 

1.4 Scale-up strategies for NSC 
 

Extensive work has been done to develop and optimize technologies to expand NSCs in high quantities, 

overcoming the limitations of standard static conditions and the weaknesses of neurospheres. Culture of 

mouse NSCs as aggregates in stirred reactors have been successfully described, particularly by the group 
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of Behie [67, 68]. The author have addressed critical parameters to optimize scale-up mouse NSC 

protocols, regarding inoculation strategy, oxygen transfer, growth conditions, among others. Adequate 

agitation rate was found sufficient to control aggregate size, preventing excessive agglomeration and 

allowing a more uniform distribution of mass and gases. Based on these works, Gilbertson et al [69] 

reported the expansion of mouse NSCs in 500 mL suspension bioreactors under computer-controlled 

conditions. The process enabled the generation of a maximum cell density of 1.2×106 cells/mL without 

affecting multilineage potential. 

Besides the expansion as neurospheres, other 3D platforms have also been combined with bioreactors. 

Mouse-derived NSCs were expanded in microcarrier suspension stirred bioreactors in a study conducted 

by Rodrigues et al. [43]. Different commercially available microcarriers were tested in static cultures and 

the best results were achieved with Pronectin F microcarriers, which are polystyrene spheres with surface 

charge coated with a protein-polymer engineered to promote cell adhesion. This system was then 

transferred to a spinner flask and further optimized regarding medium change rates, stirring scheme and 

agitation speed, which resulted in an almost 35 fold increase in cell number without loss of viability, 

multipotency and maintenance of NSC markers such as Nestin and Sox2. Another work showed the 

feasibility of the immobilization of rat NSCs cells in collagen gels and its propagation in rotary wall vessels. 

Data indicated the long-term proliferation and differentiation capacity of cells entrapped in a 3D matrix, 

which formed aggregates without the formation of necrotic centers. Notably, it was documented a 10-fold 

increase in the generation of Nestin and GFAP positive cells and a greater expression of Tuj1 (neuronal 

marker) [70]. 

Despite the important results obtained so far with mouse NSCs, those have to be translated to human  

cells given the behavior differences between the two cell line species [68]. Having this in mind, Rodrigues 

et al. described the expansion of human lt-NES in Pronectin-F spinner flask bioreactors, adherent to 

microcarriers, with a maximum of 3.5 fold increase in cell number [71]. Significant quantities of human 

neural progenitor cells were also generated by different authors, safely, using the PPRF-h2 serum-free 

medium in suspension bioreactors. Those bioreactor expanded cells were already successfully 

transplanted into a rat model of Parkinson´s disease [72]. 

Expansion of NSCs, particularly using microcarriers, in suspension bioreactors has tremendous potential, 

but optimization of protocols is still a major requirement; it needs to be taken into account the 

characteristics of each cell type when choosing the suitable microcarrier for culture. Inoculation strategy 

(initial cell density, single cells vs clumps), stirring mode (intermittent vs continuous), feeding scheme, 

agitation speed will also affect in different ways the expansion of cells in a given material. Agitation rate, 

for example, influences the initial distribution of cells in microcarriers and prevents excessive aggregation 

of the particles [43]. An important parameter to be considered also is the microcarrier concentration, given 

that the available surface area will affect cell growth. 
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1.5 Aim and Motivation of Studies 
 

Nowadays, importance of stem cells is widely recognized both in the scientific research field and in clinical 

practice. Given their unique features, scientists envisioned stem cell as potential medical therapies, for 

example, to replace damaged cells or regenerate tissues or organs. Neural stem cells (NSCs), in 

particular, are expected to be used in the future in the treatment of major neurodegenerative disorders, 

including Parkinson‟s and Alzheimer‟s diseases. 

In order to match that expectation, large-scale technologies are required to support expansion of relevant 

cell numbers without compromising their functional properties. NSCs can be cultured as anchorage- 

dependent cells, using planar surfaces like tissue culture plates or flasks. Those, however, are  not  

suitable to generate the quantities intended for therapies. Microcarriers provide a surface for cell adhesion 

while maintained in suspension. Combining microcarriers with bioreactors allows the development of 

scalable systems, highly controlled regarding critical culture parameters, including shear stress, 

temperature, pH, diffusion of nutrients, oxygen and metabolic products. There are several microcarriers 

commercially available but there is a great need to design microcarriers tailored for the expansion of 

specific stem cell lines. 

Surface properties of the microcarriers, or of any scaffold, are known to influence cell growth and fate, 

which explains much of the work described in the literature regarding microcarrier functionalization in an 

attempt to mimic the in vivo stem cell microenvironment. Usually, surfaces for cell adhesion are coated 

with ECM proteins through physical adsorption which does not provide strong interactive forces between 

the cells and the substrate. It was hypothesized that such forces would not be stable in stirring conditions, 

resulting in the release of the ECM molecules and subsequently, the cells from the microcarriers. 

Therefore, it was proposed that surface conjugation of microcarriers based on a covalent bond with ECM 

proteins would improve the stability of the protein coating and likewise the efficiency of cell attachment  

and proliferation. 

This project aimed the development of improved microcarriers for NSC culture. Selected microcarrier 

particles were thus functionalized by surface conjugation using two different techniques and a comparison 

of their performance for NSC culture under static and dynamic conditions was performed. To accomplish 

this goal, this work was conducted according to the following main tasks: 

- Conjugation of laminin to microcarriers through the EDC/sulfo-NHS crosslinking reaction and 

quantification of the protein attachment efficiency. 

- Screening of different types of microcarriers, with different coatings, for lt-NES cell culture under 

static conditions. 

- Optimization of the laminin concentration required for adsorption or EDC/sulfo-NHS crosslinking to 

microcarriers to be used for lt-NES cell culture. 
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- Comparison of lt-NES culture under dynamic conditions using microcarriers functionalized through 

adsorption or EDC/sulfo-NHS crosslinking. 

 
 

 

1.6 Novelty 
 

 
This work addressed the comparison of two coating procedures, adsorption and crosslinking, in protein 

immobilization to commercially available microcarriers and in cell culture under static and dynamic 

conditions. It was already reported in the literature the functionalization of microcarriers with a protein 

fragment through crosslinking, whereas, this project aimed at the functionalization of microcarriers through 

crosslinking with a whole protein, in this case, laminin. The functionalized microcarriers were cultured with 

a specific type of neural stem cells, lt-NES, which were used given their capacity to self-renew for more 

than 100 passages while maintaining the neuronal differentiation. 
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2 Materials and Methods 
 
 
 
2.1 Microcarriers preparation and bio-functionalization 

 

Different commercially-available animal-free microcarriers were tested under static conditions with  

different coatings. The microcarriers were: Polystyrene AM NH2, Carboxy Polystyrene (both from RAPP 

Polymere), Cytodex 1, Cytodex 3 (both from GE Healthcare) and Plastic (Pall Life Sciences) (Table 2). 

Polystyrene AM NH2 and Carboxy Polystyrene beads present a capacity of 1.11mmol/g of –NH2 and of 

2.01mmol/g of –COOH groups on their surface, respectively, allowing for protein conjugation via an 

EDC/NHS reaction. 

Table 2: Properties of the microcarriers used in this work. Note: * cm2/ dry weight. 

 

Product Material 
Average 

Diameter (µm) 

Area 

(cm2/g) 

Density 

(g/cm3) 

Plastic 
Crosslinked polystyrene with no 

surface charge 
169 360 

1.022- 

1.03 

 

 
Cytodex 1 

Cross-linked dextran matrix 

substituted with positively charged N, 

N-diethylaminoethyl 

groups 

 

 
190 

 

 
4400* 

 

 
1.03 

Cytodex 3 
Crosslinked dextran coupled with a 

thin layer of collagen 
175 2700* 1.04 

Carboxy 

Polystyrene 

Polystyrene resin featuring -COOH 

groups on the surface 
180 356.3 1.03 

Polystyrene 

AM NH2 

Polystyrene featuring –NH2 groups on 

the surface 
180 356.3 1.03 

 
 

Cytodex 1 and Cytodex 3 were prepared prior to use according to manufacturer´s recommendations: 

microcarriers were swollen and hydrated in phosphate buffered saline (PBS, Gibco) using 50-100mL/g 

Cytodex 1 or 3, for at least 3h at room temperature. The supernatant was removed and the microcarriers 

were washed in PBS (30–50 ml/g Cytodex 1 or 3). All of the microcarriers were sterilized with ethanol 70% 

for 1h at room temperature, using a rocking platform mixer, washed twice with sterile PBS and kept in 

15mL Falcon tubes (Corning) with sterile PBS, at room temperature until functionalization and/or cell 

culture. 
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The microcarriers were coated using two strategies: via a covalent bond through EDC/sulfo-NHS reaction, 

or through adsorption of poly-ornithine and mouse laminin (both from Sigma) to the beads. Unless 

mentioned otherwise, laminin was crosslinked at a concentration of 14µg/cm2 and adsorbed at 3µg/cm2. 

   Surface functionalization via EDC/NHS crosslinking 
 
 

Microcarriers with functional groups on the surface were coated with laminin through EDC/sulfo-NHS 

crosslinking. This reaction occurs in two steps: the activation of the -COOH groups of the first 

protein/particle and then, coupling to amine groups of the second protein/particle (Figure 9). The two types 

of beads (-NH2 and -COOH) were conjugated via EDC/NHS reaction following slightly different protocols 

adapted from Thermo Scientific [73] given the different functional groups: -COOH beads required the 

activation step and the amine containing beads were introduced in the coupling step. 

.   

Figure 9: Schematics of EDC/sulfo-NHS mediated covalent attachment of laminin on the surface of carboxyl 

polystyrene beads. 

 
 

 

Carboxyl microcarriers were submitted to the following protocol: 30mg of beads (≈11cm2) were prepared  

in 3mL activation buffer (0.1M MES (2-[morpholino]ethanesulfonic acid, Sigma)), 0.5 M NaCl at pH 6.0. 

Sulfo-NHS (N-hydroxy-Sulfosuccinimide, Acros Organics) and EDC (1-ethyl-3-[3- 

dimethylaminopropyl]carbodiimide, Sigma) were added to the microcarriers at a final concentration of  

5mM and 2mM, respectively, to activate the carboxyl groups, and mixed for 30mins at room temperature. 

Then, excess liquid was removed and beads were washed twice with PBS and incubated overnight with 

the laminin (Sigma) solution in PBS in the desired concentration, at pH 7.2-7.5, with magnetic stirring.  

After overnight incubation, beads were washed twice with PBS, incubated in a 100mg/mL glycine (Sigma) 

solution for 1hour to quench the reaction, at room temperature with agitation, and washed once with PBS. 

Amine containing beads were submitted to the following protocol: laminin solution in PBS in the desired 

concentration was dissolved in 3mL activation buffer. Sulfo-NHS (N-hydroxysuccinimide, Acros Organics) 

and EDC (1-ethyl-3-[3-dimethylaminopropyl]carbodiimide, Sigma) were added to the solution prepared 

previously at a final concentration of 5mM and 2mM, respectively, and mixed for 30mins at room 

temperature. To quench the reaction, 20mM of 2-mercaptoethanol (Sigma) was added for 10min. The  pH 
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of the solution was increased to pH 7.2-7.5 by adding drops of 1M NaOH and 1mL of 10X PBS was added 

to buffer the solution. 30mg of amine containing beads (≈11cm2) were added to the mixture solution and 

left overnight at room temperature with magnetic agitation. Then, beads were washed twice with PBS, 

incubated in a 100mg/mL glycine solution for 1hour, at room temperature with agitation, and washed once 

with PBS. 

   Surface functionalization through adsorption 
 

 
A poly-ornithine/laminin coating was performed on Plastic microcarriers, Cytodex 1 and Cytodex 3. As 

controls untreated microcarriers of each type and poly-ornithine coated Plastic microcarriers were used as 

well. PBS was removed from the tubes with microcarriers and poly-ornithine was added for 1 hour in a 

rocking platform mixer. Beads were washed with sterile PBS and incubated with a 25µg/mL laminin 

solution in PBS for 3 hours with agitation. After that period, solution was removed and microcarriers were 

washed and maintained in culture media until cell seeding. 

2.2 Crosslinking reaction validation using the Bradford assay 
 

The Bradford assay is a protein quantitation method based on the binding of the Coomassie dye to the 

protein, which causes a shift in the absorption maximum of the dye from 465 to 595nm, with a color 

change from brown to blue [74]. This method was employed to validate the EDC/sulfo-NHS crosslinking 

reaction between the laminin and the -COOH beads. 

 

Samples of the supernatant from microcarrier crosslinking reaction with 2mL of 50ug/ml laminin solution 

were taken immediately after addition of the laminin solution and after overnight incubation and its 

absorbance measured. For each sample, there were three replicates. The Bradford assay was performed 

following a protocol from Thermo Scientific [75]. Briefly, 150µL of each sample were added into 96-well 

plate (Corning). Then, 150µL of the dye was added to each well and mixed with a plate shaker for 30 

seconds. The plate was removed from the shaker and left to incubate for 10min. at room temperature. The 

absorbance was measured at 595nm using a microplate reader (Infinite M200 Pro, Tecan). A laminin 

standard curve was prepared by measuring the values of absorbance of solutions with known 

concentrations of laminin in the range used in the functionalization experiments. Using the standard curve, 

it was determined the laminin concentration for each unknown sample. 

 

2.3 Lt-NES cell culture 
 

The lt-NES cell lines used in this work were derived from human ESC cell line I3 and maintained at 

passages P43-P49. Lt-NES were provided by the laboratory of Professor Oliver Brüstle (Institute of 

Reconstructive Neurobiology, Life and Brain Center, University of Bonn, Germany). Lt-NES were  cultured 
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in a serum-free medium which consisted in DMEM/F12 (1:1) + Glutamax (Life Technologies) containing 

N2 supplement (1:100; Life Technologies), 1.6g/L additional glucose (Sigma), 0.2% additional human 

insulin (25mg/mL, Sigma), 100Umg/mL penicillin, 100µg/mL streptomycin (Life Technologies) and 

supplemented with 20ng/mL human EGF, 20ng/mL FGF-2 (both from Peprotech) and B27 (1:1000; Life 

Technologies. Cultures were maintained at 37°C under a 5% CO2  humidified atmosphere. 

   Lt-NES cell thawing 
 

 
Lt-NES cryopreserved in cryovials (Thermo Fisher) in liquid nitrogen were thawed in a 37°C water bath for 

a few seconds and ressuspended in 5mL of pre-warmed culture medium, followed by centrifugation at 

1000 rotations per minute (rpm) for 3min. After removing the supernatant, the pellet was ressuspended in 

2mL of culture medium supplemented with 20ng/mL EGF, 20ng/mL FGF-2 and B27 (1:1000) and plated 

onto poly-ornithine/ laminin coated 6well-plates (Corning). Briefly, culture vessels were incubated with 

15μg/mL poly-ornithine at 37°C for at least 30min. Then, the vessels were washed with PBS, coated with 

2µL/mL laminin solution in PBS and incubated at 37°C for at least 2 hours. 

   Lt-NES cell passaging 
 

 
Cells were washed with PBS and incubated with Trypsin-EDTA (Life Technologies) for 5 mins in the 

incubator. Then, an equal volume of trypsin inhibitor (Life Technologies) was added as well as culture 

medium and cells were centrifuged at 1000rpm for 3min. The pellet was ressuspended in 5mL of culture 

media supplemented with 20ng/mL EGF, 20ng/mL FGF and B27 (1:1000) and viable cells were 

determined using the trypan blue (Life Technologies) exclusion method by counting in a hemocytometer 

under an optical microscope (Olympus). Cells were seeded at a density of 50 000 cells/cm2 on poly- 

ornithine/laminin coated plastic dishes or T25 T-Flasks (Corning) before being seeded onto microcarriers. 

Culture medium supplemented with 20 ng/mL hEGF, 20 ng/mL FGF-2 and B27 (1:1000) was replaced 

every 2 days. 

   Lt-NES cell freezing 
 

 
For cryopreservation, the cell suspension was centrifuged at 1000rpm for 3min and ressuspended in 90% 

culture media supplemented with 20ng/mL hEGF, 20ng/mL FGF and B27(1:1000) and 10% dimethyl 

sulfoxide (DMSO; Sigma), which is a cryoprotectant – prevents ice formation inside the cell. Then, were 

placed in a cryo-box (Nalgene) for controlled freezing at cooling rate -1°C per minute, and transferred to a 

-80°C freezer. After 24h, cells were transferred to liquid nitrogen at approximately -196°C for long term 

preservation. 
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   Lt-NES cell expansion on microcarriers under static conditions 
 

 
The adhesion and growth of lt-NES on different commercially-available microcarriers under static 

conditions were tested. Microcarriers were equilibrated in culture medium at 37°C before cell seeding. For 

each type of microcarrier an approximate area of 3cm2 and an initial cell density of 5 × 104 cells/cm2 were 

considered. A total number of 2 × 105 (or 6× 105) cells were seeded onto the microcarriers in 24-well (or 6-

well) ultra-low attachment plates (Corning) at 37°C. Culture medium was replaced every 2 days. Cell 

attachment and proliferation were assessed daily in the microscope (pictures were taken every two days). 

For each condition in 24-well ultra-low attachment plate, triplicates were analyzed. After 6 days, Lt-NES 

were detached from the beads with trypsin-EDTA and incubated at 37ºC for 7min. After trypsin inhibition, 

culture media was added and samples were filtrated using a cell strainer (Corning), in order to remove 

microcarriers. After centrifugation (1000rpm for 3min), cells were ressuspended in culture media 

supplemented with hEGF, FGF-2 and B27 and counted in a hemocytometer after trypan blue staining. To 

determine the maintenance of cell viability and morphology after microcarrier culture, cells were replated  

in poly-ornithine/laminin coated 24-well well-plates. 

   Lt-NES cell expansion on microcarriers under dynamic conditions 
 

 
Cell culture under dynamic conditions was performed in spinner flasks with workings volumes of 30mL 

(StemSpan, Stem Cell Technologies). The spinner flask is equipped with an impeller with paddles and a 

magnetic stirring bar and it was placed over a magnetic stirring plate inside a CO2 incubator, at 37°C. 

Cells were cultured on Plastic and -COOH beads prepared as previously mentioned, both functionalized 

with 3µg/cm2 laminin. Cells were previously expanded in static conditions (section 2.3) until confluence  

and inoculated as single cells at a final concentration of 9.4 x104 cells/cm2, in a total of 10x106 cells. The 

final microcarrier concentration used was 10g/L, which corresponds to an equivalent area of 108cm2 and 

107 cm2 for Plastic and COOH beads, respectively. 

Cells mixed with microcarriers were incubated in a 6-well ultra-low attachment plate for 1.5 hours at 37°C 

in a CO2 incubator, in approximately one third of the final volume of medium. Then, cells mixed with 

microcarriers were transferred to spinner flasks and incubated overnight with no agitation. The next day, 

continuous stirring was set to 25rpm and the final volume (30mL) was completed. After this period, 

continuous stirring was kept at 50rpm. Every day, half of the medium was replaced and growth factors 

(10ng/mL of FGF-2 and hEGF and B27 (1:1000)) were added. A static expansion control was performed  

to confirm the initial cell viability. 

Duplicate samples of 500µL of the culture were collected from the spinner flasks on a daily basis.  

Samples were washed with PBS and incubated with trypsin-EDTA for 5 mins. at 37ªC to detach the cells 

from  microcarriers.  Trypsin  inhibitor  was  added  as  well  as  culture  medium  and  microcarriers   were 
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removed by filtration, using a cell strainer. Cells were centrifuged at 1000rpm for 3min and the pellet was 

ressuspended in fresh culture media supplemented with the growth factors. Viable cells were determined 

by counting in a hemocytometer using the trypan blue exclusion method under an optical microscope.  

Fold increase in cell number was calculated as the ratio between the cell number at the end of culture and 

the initial inoculated cell number. 

2.3.5.1  Analysis of metabolites and nutrients in culture medium 
 

In order to determine the concentration of glucose and lactate in the culture medium, samples were 

collected from the spinner flask culture. Microcarriers were allowed to settle and supernatant was 

centrifuged at 1500rpm for 10mins and kept at -20°C for subsequent analysis. An automatic analyzer (YSI 

7100MBS, Yellow Springs Instruments) was used to determine the glucose and lactate concentrations 

present on the culture medium collected throughout the culture. Specific lactate production rate (qlac) and 

specific glucose consumption rate (qgluc) were calculated according to equation 1: 

 
∆𝐶 

� = 
𝑋 ∆𝑡 

(1) 

 
Where  ∆𝐶  is the lactate produced/ glucose consumed during the time period  ∆𝑡  and 𝑋  is the   average 

number of cells in culture during the same period. The apparent lactate from glucose (Ylac/gluc) yield was 

calculated as the ratio between qlac and qgluc. 

2.4 Lt-NES cell characterization 
 

 

   Immunocytochemistry 
 

 
Expression of NSC and neuronal differentiation markers were accessed by immunocytochemistry, after 

static and dynamic cultures. In order to stain the cells, the following protocol was applied. Cells on culture 

plates were fixed with 4% paraformaldehyde (PFA) solution (Sigma) for 10 mins. at room temperature and 

washed with PBS to remove the fixation agent. Next, cells were permeabilized with blocking solution 10% 

FCS (Life Technologies), 0,1% Triton X-100 (Sigma) in PBS for 30-60min. at room temperature. Blocking 

solution was aspirated and cells were incubated overnight at 4°C with primary antibodies diluted in  

staining solution (5% FCS, 0,1% Triton X-100 in PBS). After the incubation period, cells were washed with 

PBS and incubated with the appropriate secondary antibody conjugated to Alexa fluorophores for 1h at 

room temperature, protected from light. After washing with PBS, nuclear DNA was stained with DAPI 

(Sigma), dilution 1:10000, for 2 minutes at room temperature. Cells were washed and analyzed under a 

fluorescence microscope (Leica DMI 3000B). The antibodies used are described in the Tables 3 and  

Table 4. 
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Table 3: Primary antibodies and respective dilutions used in immunochemistry assays. 

 
Primary Antibodies 

Target Host Source Dilution 

Nestin Mouse IgG R&D Systems 1:200 

Sox2 Mouse IgG R&D Systems 1:500 

TUJ1 Mouse IgG Covance 1:4000 

 
Table 4: Secondary antibody used in immunocytochemistry assays. 

 
Secondary Antibodies 

Target Host Source Dilution 

Alexa 546 goat anti-mouse IgG Life Technologies 1:500 

 

2.5 Statistical Analysis 
 

The results presented are expressed as mean ± standard error of the mean (SEM), displayed as the error 

bars: 

 
𝑆𝑡𝑎��𝑎�� ��𝑣𝑖𝑎𝑡𝑖�� 

𝑆𝐸𝑀 =    
√� 

(2) 

 
 

Where n is the number of samples. 
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3 Results and Discussion 
 
 
 
3.1 Validation of the EDC/sulfo-NHS crosslinking in surface conjugation 

 

Polystyrene microcarriers with COOH or NH2 groups on the surface were functionalized with laminin 

through EDC/sulfo-NHS crosslinking. In the presence of sulfo-NHS, EDC can be used to activate 

carboxylic groups, allowing for the formation of an amide bond between a protein and the microcarrier.  

The rationale to conjugate laminin to the beads through crosslinking instead of adsorption relies on the 

higher stability of covalent bonds compared to a coating based on passive adsorption. Therefore, covalent 

bonds would be more resistant to the shear forces present in stirring environments, minimizing the release 

of cells from the microcarriers. 

In order to validate the occurrence of the covalent coupling reaction and quantify the amount of protein 

attached to the surface of the beads the Bradford colorimetric method was used due to its simplicity, 

rapidity and sensitivity. The Bradford method relies on proportional binding of the dye Coomassie blue to 

the protein, thus, the more protein present, the more dye binds to it. Samples were taken right after the 

addition of the laminin solution to the beads and after overnight reaction period. The concentration of the 

protein on the samples was estimated by comparing its absorbance with a standard curve, obtained from  

a series of solutions with known concentrations of laminin. In general, bovine serum albumin (BSA) is  

used to prepare the standard curve for the Bradford assay, however, for more accurate results, the 

standard curve should be prepared from a pure sample of the target protein to be measured, in this case, 

laminin. Supernatants of laminin-adsorbed microcarriers were also read in order to compare efficiencies of 

both coupling procedures. A decrease in the absorbance of the supernatants taken after the incubation 

period of both coupling reactions is expected since the attachment of laminin to the beads would cause a 

reduction in its concentration in the supernatant of the reaction mixtures. 

As it can be seen in Figure 10, it is observed a decrease, although slight, in the absorbance of the 

condition of the EDC/NHS reaction. A small reduction is also observed for the adsorption condition. No 

difference in the absorbance was observed when no protein was present in the supernatant. As expected, 

the initial value of the sample of supernatant beads without laminin sample is lower than the value of the 

initial absorbance of both coupling mixtures. 
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Figure 10: Absorbance of supernatant samples of laminin crosslinked beads, measured right before and after the 

incubation period of the reaction. Absorbance of uncoated beads (blank) and laminin adsorbed beads were measured 
at the same time periods. Results of crosslinking are the average of 3 independent experiments, uncoated and 
adsorption are the average of 2 independent experiments. Error bars represent SEM. 

 
 

 

Using the laminin standard curve (Figure 11), obtained after the plotting of the laminin absorbance 

measurements for each dilution versus its concentration (µg/mL), the concentration of laminin in the 

supernatant samples was estimated. Calculations were then performed to determine the  amount  of 

protein that did not conjugate to the beads. The results are presented in Table 5. 

 

 
Figure 11: Laminin calibration curve 
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Both reactions had similar behaviors: the final concentration of protein and respective mass in supernatant 

samples were lower than the initial values. Covalent bonding showed to be slightly better in protein 

immobilization, having a protein attachment efficiency of 45% against the 41% achieved by the  

adsorption. 

Table 5: Laminin concentration and mass present in the supernatant samples of crosslinked beads and coupled 

through adsorption, and protein attachment efficiency of the respective coating procedures. Initial: Before the 
incubation period; Final: after the incubation period. 

 

Coating 

procedures 

Concentration (µg/mL) Mass (µg) Protein 
Attachment 

Efficiency (%) Initial Final Initial Final 

Adsorption 43.4 34.0 86.8 51.1 41 

Crosslinking 43.5 31.9 87.1 47.9 45 

 
 

Despite the small difference in the efficiencies of both methods, the higher efficiency of the crosslinking 

reaction is in agreement with the literature. Junka et al showed that EDC-crosslinked laminin scaffolds 

presented a higher amount of laminin on the surface when compared to laminin adsorbed scaffolds or 

uncoated scaffolds [76]. 

The difference between the theoretical amount of laminin added into the reaction mixture (100 µg) and the 

initial masses calculated based on the initial concentration portrays the error of the Bradford assay in 

laminin absorbance measurement due to its low specificity to the protein. Considering the theoretical 

amount of the protein added into the sample of 15mg of beads (5.4cm2), the amount of laminin attached to 

the beads after the EDC/sulfo-NHS crosslinking is 52.1µg, which corresponds to a concentration of 

9.6µg/cm2. Likewise, for the beads coupled through adsorption, the amount of protein attached is 48.9µg, 

corresponding to a concentration of 9.1 µg/cm2. Thus, such differences of both methods in protein 

attached per bead are irrelevant. 

The small differences in the absorbance values of the “before” and “after” readings and the apparent low 

efficiencies of the reactions may be due to the low color variation of the dye of the Bradford assay to 

laminin. The Bradford dye exhibits a wide color variation response to different individual proteins, which 

can be confirmed when comparing the dye response curves to BSA, used as the common standard, and 

to laminin (Figure 12) [77]. The development of color of the Bradford assay varies between different 

proteins since it depends mainly on certain amino acids present in the protein‟s sequence, the isoelectric 

point, secondary structure and the presence of specific side chains or prosthetic groups. Therefore, a  

more accurate and specific method would be needed to validate the crosslinking reaction and quantify the 

amount of laminin available at the surface of the beads. In another study [54], the covalent attachment of 

Matrigel by EDC/NHS to PCL scaffolds was also assessed by two different methodologies: the 

morphology of the scaffolds was studied by scanning electron microscopy and the surface chemistry by 

infrared spectroscopy. The latter confirmed the occurrence of the covalent attachment of the matrix on the 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Junka%20R%5Bauth%5D
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surface of the scaffolds [54]. However, such methods provided only qualitative information regarding 

scaffold functionalization. Similarly, infrared spectroscopy was performed in the context of this work  

without conclusive results (results not shown). 

The efficiency of the crosslinking reaction could probably be slightly improved by optimizing the protocol. 

For instance, according to the protocol described by Hermanson et al [61], in an EDC/NHS reaction the 

protein to be conjugated to the beads should be dissolved at a concentration of 1- to 10-fold molar excess 

over the concentration of the functional groups. Given that the carboxyl beads used have a carboxyl group 

capacity of 2.01mmol/g, to achieve at least an equal concentration of laminin that should be dissolved, it 

was necessary an approximate amount of 24g, which, however, is not feasible due to the protein costs. 

 

 
Figure 12: Comparison of BSA and laminin standard curves 

 
 

 
Given the previous data, quantification of laminin is not conclusive due to the low color yield of the 

Bradford dye to the protein. Moreover, it appears that covalent bonding does not result in a considerably 

higher amount of protein attached to the surface of the microcarriers as compared to physical adsorption. 

The hypothetical advantage of covalent bonding in stirring environments to stabilize protein attachment  

will be assessed in posterior sections. It would be also valuable to test the stability of protein 

immobilization when crosslinked to the beads to assess the off-the-shelf potentiality of the system. 

3.2 Lt-NES cell culture under static conditions 
 

Successful cultures of lt-NES in static conditions using two dimensional surfaces have already been 

described in the literature [16, 17]. In order to scale-up the culture of lt-NES, which are anchorage- 
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dependent cells, adequate substrates are required that efficiently support cell attachment and proliferation 

in suspension cultures under dynamic conditions. 

For this purpose, a first screening of different commercially available microcarriers was performed in static 

conditions with different surface functionalization techniques and coatings. The performance of Plastic, 

Cytodex 1 and Cytodex 3 microcarriers with a poly-ornithine/laminin adsorption coating was assessed, as 

well –COOH and -ÑH2 microcarriers with laminin covalently attached. Moreover, since Plastic beads have 

no surface charge, a coating only with poly-ornithine, a cationic compound, was also considered in order 

to evaluate if charging is sufficient to promote cell attachment and growth. Throughout the culture, 

important aspects such as cell attachment, proliferation, the presence of cell clusters, either in suspension 

or on the microcarrier surface and microcarrier agglomeration due to cell “bridging” were monitored daily 

by visual inspection (Figures 13 and 14, Table 6). 

Table 6: Qualitative assessment of attachment and survival of cells, occurrence of free cell aggregates in the medium 

and bead aggregation due to cell “bridging” in the different types of coated microcarriers and respective controls. 
 

Type of 
microcarrier 

Coating Attachment Proliferation 
Cell 

aggregates 
Microcarrier 

agglomeration 

 

Plastic 

None Poor Medium Occasionally No 

PO Medium Medium Yes No 

PO+LN Good Good No Yes 

Polystyrene AM 
NH2 

None Medium Good Yes No 

LN Medium Medium Yes No 

Carboxy 
polystyrene 

None Poor Medium Occasionally No 

LN Good Good Occasionally Occasionally 

 
Cytodex 1 

None Poor Poor No No 

PO+LN Medium Good No Yes 

 
Cytodex 3 

None Poor Poor No No 

PO+LN Poor Poor No No 

 
 

Due to the poor attachment and survival of cells with Cytodex 3 and with uncoated Cytodex 1 these were 

not consider in the following studies (Figure 14 A,C,D). Also, since with –NH2 microcarriers, even when 

conjugated with laminin, cells did not proliferate as monolayers on microcarriers, these were not also used 

in subsequent experiments (Figure 13 D, E). 
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Figure 13: lt-NES culture in day 5, under static conditions, in uncoated microcarriers (A,D,F), poly-ornithine coated 

microcarriers (B), poly-ornithine/laminin coated microcarriers (C) and laminin crosslinked microcarriers (E,G) 
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Figure 14: lt-NES culture in day 5, under static conditions, in uncoated (A,C) and poly-ornithine/laminin coated 

Cytodex 1 and Cytodex 3 (B,D) 
 
 

 
For the conditions with better results, cell counts were performed after six days of culture and the results, 

as well as the fold increase in cell number, are shown in Figure 15. Plastic microcarriers coated only with 

poly-ornithine showed no significant improvement in cell growth compared to the uncoated conditions 

(Figure 15). In addition, after a few days, small clumps of cells were observed in suspension in the culture 

medium or attached to the beads (Figure 13 B). On the other hand, poly-ornithine/laminin coated Plastic 

microcarriers provided the best result in terms of cell expansion, with visible spreading of cells on the 

microcarriers´ surface and cell “bridging” between beads (Figure 13 C). Cell expansion was also higher 

than observed with Cytodex 1, even with the same coating (Figure 15). 



36  

 
 

Figure 15: Cell number and fold expansion after 6 days of culture in Plastic, Cytodex 1 and –COOH beads under 

static conditions. PO: poly-ornithine; LN: laminin. Results of one experiment. 

 
 

 

Positively charged surfaces are known to promote for rapid cell adhesion but are often not sufficient to 

sustain cell growth given the nonspecific physical interactions between the surfaces and the cells [47]. 

This seems to be the case for the poly-ornithine coated Plastic beads, explaining the low cell number 

observed after 6 days of culture. Another possible explanation could be related with excessive  

electrostatic charge, which could be inhibiting cell spreading and growth [78]. Such effect may also be 

translated to Cytodex 1, since the microcarrier is naturally positive given the charged groups and was 

additionally coated with poly-ornithine. The results obtained with poly-ornithine Plastic suggest that a poly- 

ornithine coating is not enough to support the attachment of lt-NES, leading to the formation of cell 

aggregates in suspension, and thus has not a beneficial effect in relation to the uncoated beads. In 

contrast, poly-ornithine/laminin coated Plastic beads promoted good cell attachment to the beads surface 

(Figure 13 C), with few free clumps of cells in suspension probably due to the combination of the 

electrostatic interactions promoted by the positively charged poly-ornithine and the signaling pathways for 

attachment triggered by the ECM adhesion protein laminin. These surface features are more appropriate 

for cell spreading and cell growth, which explains the better results. 

Carboxyl beads conjugated with laminin exhibited a higher cell-fold expansion compared with the non- 

conjugated beads (Figure 15). Confluent microcarriers were visible at the microscope, after a few days of 

culture, with only residual free cells in medium (Figure 13 C). Therefore, surface conjugation of –COOH 

beads by EDC/sulfo-NHS was effective in the enhancement of cell attachment and growth. Curiously, non-

conjugated beads performed better than expected since surfaces presenting carboxylic groups are cell 

repellent due to reduction in their wettability [79]. The establishment of an optimized system for lt-NES cell 

culture will depend on extensive studies focused on cell adhesion and proliferation on different materials 

and coating layers. 
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Lt-NES from poly-ornithine/laminin adsorbed plastic and Cytodex 1 and –COOH conjugated beads were 

then evaluated regarding their viability and phenotype. Cells were replated in  poly-ornithine/laminin 

dishes, where they continued to proliferate and maintained their neural rosette-like growth pattern (Figure 

16). The expression of specific markers was assessed by immunocytochemistry (Figures 17,18, 19). Cells 

from the experiments expressed Nestin and Sox 2, which are markers of neural progenitor/stem cells, and 

occasionally βIII-tubulin (Tuj1), associated with spontaneous neuronal differentiation which is expected 

[16]. 

 

 
Figure 16: lt-NES harvested from laminin conjugated carboxyl (A), poly-ornithine/laminin adsorbed Cytodex 1 (B) and 

Plastic (C) microcarriers and replated in poly-ornithine/laminin tissue culture plates. 

 
 
 

 
Figure 17: Immunostaining of cells for NSC markers Nestin (A-C), Sox 2 (D-F) and neuronal differentiation marker 

Tuj1 (G-I) expression after culture in poly-ornithine/laminin adsorbed Plastic microcarriers under static conditions. 
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Figure 18: Immunostaining of cells for NSC markers Nestin (A-C), Sox 2 (D-F) and neuronal differentiation marker 

Tuj1(G-I) expression after culture in laminin conjugated –COOH microcarriers under static conditions. 

 
 
 

Figure 19: Immunostaining of cells for NSC markers Nestin (A-C), Sox 2 (D-F) and neuronal differentiation marker 

Tuj1 (G-I) expression after Cytodex 1 culture under static conditions. 



39  

Given these results, it was concluded that Plastic microcarriers coated with poly-ornithine/laminin and – 

COOH microcarriers with laminin covalently bound support lt-NES attachment and growth, with 

maintenance of NSC identity after re-plating. Moreover, the results depict the versatility of lt-NES to be 

cultured in microcarriers made of different materials. However, optimization of cultures is fundamental to 

efficiently scale-up and that was the drive for the next section of the present work. 

 
 

   Comparison of adsorbed and crosslinked microcarriers 
 

 
Prior to spinner flask culture, different concentrations of laminin were tested to determine the optimal 

coating conditions, either by adsorption or EDC/NHS crosslinking, for lt-NES culture. Cytodex 1 and 

Plastic microcarriers were coated through adsorption with both poly-ornithine and laminin, according to the 

previous results. The laminin coating concentration suggested by the Plastic beads manufacturer 

(Pall/Solo Hill) is 1-10µg/cm2, so the concentrations were chosen to be within that interval. Carboxyl 

microcarriers were conjugated via EDC/sulfo-NHS reaction with the same laminin concentrations used in 

the adsorbed microcarriers for comparison. Since –COOH group concentration was constant in the 

Carboxyl microcarriers (2.01mmol/g), it was hypothesized that protein conjugated to the beads would be 

proportional to the protein used in the coupling reaction. 

Lt-NES cultures were followed for 6 days, being the culture morphology assessed daily by light  

microscopy and cells were counted after that period. The highest cells numbers were obtained with the 

covalent bounded beads, all of them being superior to their adsorbed counterparts (Figure 20). The 

highest cells yields were achieved with 2µg/cm2 –COOH beads. Comparing the different types of 

microcarriers in the same conditions, it is visible that Cytodex 1 was the one with the lowest performance 

and -COOH beads had slightly better results than plastic. Regarding the adsorbed beads, 3µg/cm2 plastic 

condition was superior to all of the other conditions. Apparently, there is no proportional relation between 

the amount of laminin coated and the number of cells: 2 and 1µg/cm2 concentrations gave similar results 

for plastic beads, 2µg/cm2  was superior to 3µg/cm2 for –COOH microcarriers. 

Aggregation of beads and “cell bridging”, probably due to the absence of agitation, were observed in all of 

the conditions, with the exception of all experiments with laminin crosslinked carboxyl beads, after a few 

days of culture (Figures 21 and 22). That has been shown to be detrimental to cell expansion as a result  

of limitations in the diffusion of oxygen and nutrients that may lead to necrotic centers inside the 

cell/microcarrier aggregates [80]. Initial agitation in static conditions could potentially diminish bead 

agglomeration and enhance cell adhesion by preventing cell aggregation, since aggregates are less likely 

to adhere to the beads. 
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Figure 20: Cell numbers after 6 days of culture in adsorbed Plastic and Cytodex 1 beads and conjugated -COOH 

beads, with different laminin concentrations. Results of one experiment. 

 
 

 
Although the 2µg/cm2 laminin crosslinked –COOH beads gave slightly better results regarding cell  

number, the same concentration of the protein was shown to be suboptimal for the adsorption condition. It 

is important to note, though, that the experiment was performed only once and the difference may be 

within the experimental error. However, to compare the performance of the adsorbed and crosslinked 

beads in spinner flask cultures, it was decided to choose an identical laminin concentration for both 

methods. Given the previous results, poly-ornithine coated Plastic microcarriers and –COOH 

microcarriers, both conjugated with 3µg/cm2 of laminin, were chosen to be compared for the culture of lt- 

NES cells in spinner flasks, since this concentration was one of the best for both methods. 
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Figure 21: Bead aggregation evolution under static conditions in poly-ornithine + laminin 3µg/cm2 Plastic, Cytodex 1 

beads and, laminin 3µg/cm2 Carboxyl. 
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Figure 22: Bead aggregation evolution under static conditions in laminin 2µg/cm2 Carboxyl microcarriers 

 
 

 

3.3 Lt-NES cell culture under dynamic conditions 
 

 
Envisaging the development of a large-scale bioprocess for lt-NES cell production, the results and 

conclusions already described were used to perform a preliminary experiment in dynamic culture 

conditions, using spinner flasks as model bioreactors. It is important to note that hydrodynamic conditions 

of a spinner flask differ from the conditions of a bioreactor and also that a spinner flask lacks online 

monitoring and feedback loop control of important variables (O2, pH). Nonetheless, this set up allows the 

study of the effect of agitation by stirring and pH and O2 is controlled by incubation of the culture system. 

An initial concentration of 10g/L of microcarriers, which corresponds approximately to an equivalent 

surface area of 108cm2, was used, and 10x106 cells were seeded. A concentration of 3µg/cm2 of laminin 

was used to coat the microcarriers. In the first 24h, microcarriers were suspended in 10mL, 1/3 of the final 

volume (30mL) to increase the frequency of cell- -bead interactions, improving cell attachment, as well as 

to concentrate the autocrine factors released by the cells. Agitation was only applied after 24h to promote 

an adequate environment for the cells to attach the beads. Cell growth was assessed by daily cell counts 

and analysis of the concentration profile of the nutrient glucose and the metabolite lactate. The cells were 

replated in static conditions after a few days of expansion and in the end of the plastic spinner flask 

culture, the expression of Nestin, Sox 2 and Tuj1 was verified by immunocytochemistry. 

 

 

   Caboxyl microcarrier culture in spinner flask 
 

 

Given the promising results obtained with laminin crosslinked beads in static, the system was translated to 

a spinner flask. As it can be seen in Figure 23, culture was only kept for five days since cell survival 

reduced throughout the culture period and no fold increase in cell number was registered. Agitation was 

started in day 1 and increased in day two, being the lowest point of the culture registered the next day, 
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which indicates optimum values for agitation speed were not applied. Adhesion of cells onto the beads  

and overall homogeneous occupancy was visible in days one and two, but extensive detachment followed 

afterwards with cell clumps being observed in the medium (Figure 24). 

 

 
Figure 23: Growth curve of lt-NES cultured in spinner flasks with 3µg/cm2 laminin crosslinked –COOH beads. Results 

of one experiment. 
 

It must be pointed out that, although the microcarrier weight used was the same for both spinners  

(300mg), it was clear a reduction in the quantity of the –COOH microcarriers after the laminin 

immobilization steps. This reduction could be due to loss of particles explained by the high number of 

washing steps that those had to be subjected to, given the EDC/NHS reaction protocol. It was also 

observed that these had a higher sedimentation speed, being less prone to stay in suspension than the 

Plastic microcarriers, despite having the same density. 

 

 
Figure 24: lt-NES cell occupancy on –COOH beads harvested in day 1, 3 and day 5 of culture in spinner flask. 

 
 

 
Unsuccessful scale up using this same system is reported in the literature: despite –COOH conjugated 

beads supported hPSCs growth in static cultures, extensive detachment was observed under stirring 

conditions [58]. It is hypothesized that adhesion of cells in this type of system is not strong enough to 

prevent detachment under stirring. As future work, additional conjugation of the –COOH beads with pLL 
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adsorption, a synthetic cationic polymer that enhances cell attachment and promotes the adsorption of 

ECM proteins, could circumvent this problem, as it is described as well by Fan et al. [58]. Seeding 

efficiency and growth may also be increased with the optimization of laminin attached to the microcarriers‟ 

surface. For this purpose, optimization of the coating procedures will also be fundamental. 

The combination of all of the previous factors may explain the failure of laminin crosslinked carboxyl  

beads in lt-NES culture under dynamic conditions. A less amount of beads resulted in less surface 

available for adhesion, that together with the weak cell adhesion forces in an agitated environment led to 

detachment and poor survival. 

Levels of glucose and lactate were evaluated throughout spinner flask culture. Half of the medium was 

refreshed every day, thus, metabolites such as lactate and ammonia are partially removed from culture, 

and glucose is replaced. Glucose is one of the main sources of energy and carbon for cell metabolism. 

Based on Figure 25, no significant glucose consumption rates were observed, which is consistent with the 

low cell number and cell death, being only noticeable a slight reduction in concentration in the first days of 

culture when a higher number of cells was counted. As for lactate, it is produced typically in exponential 

growth phase resulting from cells metabolism and its accumulation in the culture medium lowers the pH, 

which can be harmful to the cells [67]. Values of inhibitory concentrations were reported for some types of 

stem cells (16mM for rat mesenchymal stem cells, or 35.4mM for human mesenchymal stem cells) [81]. 

The lactate concentrations registered were below those values, reaching a maximum value of 9.16mM, 

thus, theoretically, lactate accumulation did not had toxic effects in the system. A reduction of lactate  

levels occurs from day 3 until the end of culture, corresponding to the lowest cell numbers reached in the 

culture. The average molar ratio of lactate produced over glucose consumption Ylac/gluc was 1.91, which is 

approximate to the maximum theoretical value of 2, correspondent to the glucose metabolism by 

anaerobic glycolysis [82]. Therefore, approximately 2 moles of lactate per 1 mole of glucose were 

produced. 
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Figure 25: Concentration profile of glucose (■) and lactate (●), in mM, during lt-NES -COOH beads culture in spinner 

flask. Results of one experiment. 
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Given the present data, it may be concluded that results obtained in static microcarrier cultures cannot be 

directly translated to dynamic environments. Laminin crosslinked –COOH beads efficiently supported lt- 

NES cell attachment and growth in tissue culture plates, but were not capable to do so when cultured 

under dynamic conditions in a spinner flask. Future work should include the additional pLL coating to the 

carboxyl beads and compare them alongside with adsorbed beads in stirring environments with optimized 

culture parameters, including microcarrier concentration or cell inoculation density, agitation schemes and 

speeds. 

   Plastic microcarrier culture in spinner flask 
 

 

Simultaneously to the carboxyl beads spinner flask culture, a 3µg/cm2 laminin and poly-ornithine adsorbed 

Plastic microcarrier spinner flask was also performed. The growth curve is depicted in Figure 26 and 

growth parameters are shown in Table 7, with the exception of specific growth rate and duplication time. 

The latter could not be calculated since no exponential growth phase is clearly identifiable in Figure 26. At 

day 1 of culture, about 60% of the inoculated cells adhered to the plastic beads, corresponding to almost 

twice the value for carboxyl beads, which presented 34% of seeding efficiency. At the end of culture, the 

spinner flask promoted a fold expansion of 1.54 in cell number, with a maximum of 1.69 detected at day 9. 

In addition, adherent cells exhibited a 2.5-fold increase in cell number. 

Table 7: Growth parameters of lt-NES cultured in spinner, adherent to plastic beads. Fold expansion relates to to 

expansion of inoculated cells, adherent cell fold expansion relates to the expansion of adherent cells, at day 1. 
Maximum fold expansion relates to the best cell culture day. 

 

Seeding 

efficiency 

Fold 

Expansion 

Maximum Fold 

Expansion 

Adherent Cell Fold 

Expansion 

60% 1.54 1.69 2.56 

 
 

A reduction in cell number was observed from day 2, probably due to poor cell adaptation to the increase 

in agitation speed from 25rpm to 50rpm. Despite this, microcarrier examination by microscopy revealed a 

homogeneous and monolayer occupancy of the beads with cells throughout culture (Figure 28). This 

observation suggested that the culture was facing a limitation in terms of surface area available for cell 

growth that at this point was about 108cm2. For this reason, additional microcarriers with a total surface 

area of 72cm2, corresponding to 66% of the initial surface area available, was added by day 5. The 

increase registered from day 5 afterwards indicates that cells were able to repopulate the new beads. 
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Figure 26: Growth curve of lt-NES cultured in spinner flasks with 3µg/cm2 laminin coated plastic beads. Results of 

one experiment. 

 
 

 

Cell density throughout the culture period was plotted to understand if microcarriers were confluent before 

the addition of the empty beads and at the end of the culture (Figure 27). Cell density reduced at day 6, 

due to the increase in more than 50% of the available surface area, not followed by a significant increase 

in cell number. Probably, the number of cells inoculated was too high for the surface area available, 

explaining the reduced growth in the first days of culture. The new beads added in day 5 were thus rapidly 

populated. 
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Figure 27: Cell density over time (days). Initial surface area available was 108 cm2, increased in day 5 to 180 cm2. 

Results of one experiment. 
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Figure 28: lt-NES cell occupancy on Plastic beads harvested in days 1, 3, 5, 7, 9 and 10 of culture in spinner flask. 

 
 

 
In order to verify if cell culture on the poly-ornithine/laminin Plastic beads in a dynamic environment 

affected multipotency of the cells, the expression of neural progenitor markers Nestin, Sox2 and the 

neuronal differentiation marker Tuj1 was assessed by immunocytochemistry, directly on the microcarriers 

(Figure 29). Cells retained expression of Nestin and Sox2, and no detection of Tuj1 was registered. In 

addition, cells harvested from the microcarriers were also analyzed by immunocytochemistry for the 

expression of the same markers. Similar expression patterns were registered for Nestin and Sox2, while it 

was detected residual expression of Tuj1 (Figure 30). 
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Figure 29: Immunostaining of cells for NSC markers Nestin (A-C), Sox 2 (D-F) and neuronal differentiation marker 

Tuj1 (G-I) expression in plastic beads cultured in spinner flasks. 

 

 
Figure 30: Immunostaining of cells harvested from plastic beads cultured in spinner flasks and replated in poly- 

onithine/laminin tissue culture plates. Evaluation of NSC markers Nestin (A-C), Sox 2 (D-F) and neuronal 

differentiation marker Tuj1(G-I) expression. 
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Taken together, the immunocytochemistry results indicate that lt-NES can be propagated on plastic 

microcarriers in a stirred environment without loss of multipotency marker expression. Confirmation of the 

expression of neural progenitor markers by RT-PCR would also be necessary, as well as determination of 

the differentiation potential of lt-NES, after culture in poly-ornithine Plastic beads in a spinner flask. 

The concentration profiles of glucose and lactate throughout culture period were plotted. In Figure 31, no 

complete depletion of glucose is observed and the lower concentration detected is 14.65mM. Therefore, 

glucose availability was not a limiting factor for cell growth. A decrease in glucose concentration occurs 

until day three and slightly from day 6 until the last time point. Lactate concentrations, on the other hand, 

increased during the entire period, with exception of day 6. Lactate reached a maximum concentration of 

17mM, which is below the growth-inhibitory concentration value for human mesenchymal stem cells 

(35.4mM). Specific lactate production (qlac) and glucose consumption (qglu) rates were calculated before 

and after the addition of new microcarriers to evaluate possible differences in cell metabolism which could 

explain the results (Table 8). A higher glucose consumption rate and lactate production rate were obtained 

in the first stage of the culture. After the addition of beads in day 5, the average molar ratio of lactate 

produced over consumed glucose increased to 2.04, which indicates a less efficient glucose metabolism. 

The overall average molar ratio of lactate produced over consumed glucose Ylac/gluc was determined to   be 

1.69. The higher concentration of lactate in the later stages of culture led to a decrease in medium pH 

which in turn caused medium color transition to yellow. This is known to be detrimental for cell proliferation 

and may explain the lack of an exponential growth phase. 
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Figure 31: Concentration profile of glucose (■) and lactate (●), in mM, during lt-NES plastic beads culture in spinner 

flask. Results of one experiment. 
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Table 8: Average specific glucose consumption (qglu), specific lactate production (qlac) and average molar ratio of 

lactate produced over glucose consumption in different time periods of Plastic microcarrier in spinner flask culture. 
 

Time period (days) 0-5 6-10 0-10 

Average qglu 

[mmol/(cell.day)] 
5.17E-07 2.59E-07 3.88E-07 

Average qlac 

[mmol/(cell.day)] 
6.78E-07 5.05E-07 5.91E-07 

Ylac/gluc 1.33 2.04 1.69 

 
 
 

Based on the previous data, Plastic beads coated with poly-ornithine/ laminin, as opposed to beads with 

laminin covalently bound, support lt-NES cell attachment and proliferation without visible alterations in 

NSC phenotype. However, the culture system tested is far from being efficient and future work should 

focus on the optimization of initial microcarrier concentration, initial cell inoculation, agitation speed and 

schemes, and culture free of xenogeneic products, replacing mouse laminin for human or recombinant 

laminin for example, and in defined conditions, which was not the case given the use of B27. Considering 

cost-effective cell cultures, a profound study to determine the optimal concentration of laminin used for 

coating without compromising the culture performance under dynamics environments would also be 

valuable. 
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4 Conclusions 
 
 
 

Functionalization of the microcarriers aims to provide surface cues capable of enhancing cell attachment 

and growth. For this purpose, laminin, an ECM protein, was conjugated to different beads either through a 

covalent reaction, EDC/sulfo-NHS, or physical adsorption. It was hypothesized that protein immobilization 

using the covalent link would be more resistant in a spinner flask culture when compared to passive 

coatings. Quantitation of the laminin immobilized using the Bradford assay was similar for both coupling 

procedures, but given the low specificity of the Bradford dye to the laminin, other methods must be 

considered to get conclusive remarks. 

Screening of microcarriers in static environment showed that the identical coating conditions in different 

microcarriers does not result in similar cell expansion numbers. Cytodex 1, for example, did not exhibit 

remarkable results, despite the positive charges present throughout the matrix. Therefore, optimal coating 

parameters, for example laminin concentration, must be tested for each type of microcarrier in order to 

develop cost-effective scalable systems. It is also important to replicate the experiments tested to discard 

experimental errors. 

It is also clear from this work that the results obtained with microcarrier cultures in static conditions are not 

directly translated to stirring environments. That was the case with –COOH beads, which supported 

expansion of lt-NES in tissue culture plates, however, they were inefficient in the retention of cells to the 

beads in spinner flasks. Since laminin covalent bonding did not result in an advantageous feature in 

dynamic conditions, it is proposed an additional pLL adsorption coating, which was already demonstrated 

in the literature to be successful in the cultivation of hPSCs in stirred suspensions vessels [58]. It is also of 

great importance to evaluate different agitation schemes and speeds to prevent cell detachment. 

Poly-ornithine/laminin Plastic microcarriers yielded the most promising results for the proliferation of lt- 

NES cells in spinner flask. After 9 days in culture, a maximum 1.69 fold increase in cell number was 

registered, and maintenance of the neural stem/progenitor markers, such as Nestin and Sox2, was 

confirmed by immunocytochemistry. Despite the reduction in cell growth in the first days of culture, 

homogeneous and monolayer occupancy of the microcarriers was observed, which suggests that initial 

microcarrier concentration or initial cell density are candidate parameters for optimization. Furthermore, 

this culture system was not performed in defined conditions, given the use of medium supplement B27, 

whose formulation is not known. Xeno-derived products must also be discarded or replaced, since are 

sources of variability and contamination. For instance, mouse laminin could be replaced  by  human 

laminin, however, the high costs associated to the production of laminin from such a source would hinder 

the scale-up of this system. In addition, further characterization of the dynamically expanded cells would 

be necessary to validate culture using Plastic microcarriers in stirred vessels. Additional work should 

include an analysis to the gene expression of specific markers by RT-PCR and to differentiation  potential, 



52  

by induction of differentiation into neurons and glia, to confirm phenotypic and stemness properties, 

respectively. Controlling lactate production to prevent acidification of the medium, by monitoring culture  

pH could be achieved through operation under perfusion or by adding a basic solution. 

In future work, it would also be interesting to study biodegradable microcarriers in the culture of lt-NES, 

such as gelatin or alginate, given the ease of separation of cells from the beads while theoretically 

providing a more safe environment by preventing the aggressive action of enzymatic disaggregation and 

reducing the costs. Other types of bioreactor configurations, for example, rotary wall vessels, or with 

different types of impellers, may be used to minimize the shear forces exerted over the cells. 

Considerable progress is still required before NSCs potential can be fully exploited in cell therapy, drug 

discovery or disease modeling. Native NSCs microarchitecture, interactions with neighboring cells and 

exposure to biochemical signals, must be extensively explored so researchers could better mimic in vitro 

the neurogenic niches, with the purpose of providing a suitable and safe environment for cell attachment 

and proliferation. Simultaneously, development of cost-effective and reproducible systems is of key 

importance for the production of the large number of cells required for biomedical applications. 
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