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ABSTRACT 

Neural stem cells (NSCs) hold great potential for application in the treatment of central 

nervous system (CNS) disorders. These multipotent cells reside within a dynamic and 

complex microenvironment, the NSC niche, where cell-cell interactions and local 

microenvironmental cues are key to regulate stem cell behavior. Therefore, the 

development of new platforms allowing a better understanding of niche properties and 

how they regulate NSC behavior and function is highly desirable. These are expected to 

provide valuable insight into cell physiology and interactions with the surrounding 

microenvironment, and ultimately be used for the development of more effective NSC-

based regenerative therapies. 

Laminin has a key role in the modulation of NSC function and fate within neurogenic 

niches. Indeed, different studies already explored the immobilization of full-length laminin 

and its peptide analogues into diverse biological and synthetic matrices, to recapitulate 

the microenvironment of stem cell niches and/or gain insight into the role of ECM on 

stem cell behavior. However, the strategies currently explored for laminin immobilization 

within three-dimensional (3D) matrices do not address a critical aspect influencing 

laminin bioactivity, which is the control over the exposure of laminin crucial bioactive 

epitopes. 

In this thesis, we propose the design of biologically relevant matrices able to recapitulate 

the laminin-rich microenvironment of NSC niches. For that, we explored the modification 

of a degradable synthetic hydrogel with full-length laminin or with a laminin-derived 

peptide interacting with syndecans - AG73. 

One of the specific aims of this thesis was the establishment of an affinity-based 

approach that takes advantage of the high affinity interaction between laminin and the 

human N-terminal agrin (hNtA) domain. A recombinant human NtA (rhNtA) domain was 

produced and successfully conjugated at its N-terminal with a thiol-terminated 

poly(ethylene glycol) (PEG) – mono-PEGylated rhNtA. Mono-PEGylated rhNtA showed 

ability to act as an effective natural binding partner for the site-selective immobilization 

of laminin, while preserving the exposure of laminin key bioactive domains. This 

translated into an enhanced ability of laminin to polymerize and mediate hNSC adhesion 

and spreading. Aiming at the establishment of a chemically-defined cell-instructive 

microenvironment, the proposed affinity-based approach was explored to promote the 

site-selective immobilization of different laminin isoforms (in the context of this thesis 

assessed for mouse laminin-111 and recombinant human laminin-521) into a degradable 

synthetic hydrogel. A four-arm maleimide-end functionalized poly(ethylene glycol) (PEG-
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4MAL) macromer based hydrogel was selected as the base material, due to its modular 

nature, good biocompatibility and well characterized biochemical and biophysical 

properties. The PEG-4MAL macromer was functionalized with the thiol-terminated 

mono-PEGylated rhNtA domain to mediate the site-selective incorporation of laminin into 

PEG-4MAL. The developed hydrogels revealed mechanical properties (complex 

modulus (G*) = 251 Pa) within the range of values preferred for NSC proliferation (100 – 

1000 Pa) and neurite branching and extension (200 – 400 Pa). Moreover, the affinity-

bound laminin PEG-4MAL hydrogels showed an enhanced ability to mediate hNSC 

proliferation and neurite outgrowth, when compared to unmodified hydrogels, and most 

importantly, in contrast to hydrogels containing equal amount of physically entrapped 

laminin. 

In alternative to the incorporation of full-length laminin, a laminin-derived peptide 

interacting with syndecan receptors (AG73) was explored to confer bioactivity to 3D 

matrices. The modular nature of the synthetic matrix used, allowed us to explore the 

effect of AG73 peptide density on cell behavior, independently of other hydrogel 

biophysical and biochemical properties. The tethering of AG73 peptide to PEG-4MAL 

hydrogels led to a significant improvement of cell viability after 7 days in culture, 

independently of the input peptide concentration. In addition, we demonstrated that a 

higher input AG73 concentration (1 mM) better supports hNSC proliferation and neurite 

outgrowth, as well as the establishment of a neuronal network. 

Overall, the work presented in this thesis contributed to: (i) the development of an affinity-

based strategy for site-selective immobilization of laminin, suitable for use as an 

alternative to conventional immobilization approaches (physical entrapment and non-

selective covalent immobilization) in a wide range of applications (e.g. engineered 

coatings for neuroelectrodes, 2D substrates for cell culture, and biofunctionalization of 

3D matrices); (ii) development of engineered matrices for use as defined 3D platforms 

for the establishment of artificial NSC niches and as temporary mimetic 

microenvironments to support hNSC transplantation in the context of nervous system 

regeneration/disorders. 

In summary, we strongly believe this work opens new avenues in the design of more 

efficient hydrogel matrices for application in NSC-based regenerative approaches for the 

treatment of traumatic CNS disorders or neurodegenerative diseases. 
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RESUMO 

As células estaminais neurais (CENs) apresentam um grande potencial para aplicação 

no tratamento de doenças do sistema nervoso central (SNC). Estas células 

multipotentes residem num microambiente dinâmico e complexo, o nicho das CEN, onde 

as interações célula-célula e os sinais do microambiente local são essenciais para 

regular o comportamento das células estaminais. Deste modo, o desenvolvimento de 

novas plataformas que permitam compreender melhor as propriedades do nicho e a 

forma como estas regulam o comportamento e a função das CENs é altamente 

vantajoso. É expectável que estas plataformas permitam uma melhor compreensão da 

fisiologia celular das CENs e das suas interações com o ambiente circundante, e que 

contribuam para o desenvolvimento de terapias regenerativas baseadas no transplante 

de CENs mais efetivas. 

A laminina tem um papel crucial na modulação da função e diferenciação das CENs nos 

nichos neurogénicos. De facto, já vários estudos exploraram a imobilização da molécula 

da laminina e de péptidos derivados da laminina em matrizes biológicas e sintéticas, de 

forma a recapitular o microambiente do nicho e/ou a compreender melhor o papel da 

matriz extracelular no comportamento das células estaminais. Contudo, as estratégias 

exploradas atualmente para a imobilização da laminina em matrizes tridimensionais (3D) 

não contemplam um aspeto crítico para a bioatividade da laminina, e que é o controlo 

sobre a exposição dos epítopos bioativos mais importantes. 

Nesta tese, propomos o desenvolvimento de matrizes biologicamente relevantes 

capazes de recapitular o microambiente rico em laminina dos nichos neurogénicos. Para 

isso, explorámos a modificação de um hidrogel sintético degradável com a molécula da 

laminina ou com um péptido derivado da laminina capaz de interagir com recetores 

sindecano – AG73. 

Um dos objetivos específicos desta tese foi o desenvolvimento de uma estratégia de 

imobilização por afinidade, baseada na interação de elevada afinidade entre a laminina 

e o domínio N-terminal da agrina (NtA). O domínio recombinate humano NtA (rhNtA) foi 

produzido e conjugado eficazmente no seu N-terminal com um polietilenoglicol (PEG) 

contendo um grupo tiol numa das suas extremidades – rhNtA mono-PEGilado. O rhNtA 

mono-PEGilado demonstrou capacidade para atuar como um ligando natural para a 

imobilização seletiva da laminina, sem comprometer a exposição dos domínios bioativos 

desta proteína. A eficiência do ligando proposto traduziu-se numa maior capacidade da 

laminina para polimerizar e para mediar a adesão das CENs humanas, assim como a 

organização do seu citoesqueleto. Com o objetivo de estabelecer um microambiente 
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quimicamente definido e capaz de modular o comportamento celular, explorámos a 

estratégia de imobilização por afinidade proposta para a imobilização controlada de 

diferentes isoformas da laminina (no contexto desta tese avaliámos a laminina-111 

derivada de ratinho e a laminina-521 recombinante humana) num hidrogel sintético e 

degradável. Para o efeito selecionámos um hidrogel de PEG com quatro braços 

funcionalizados nas extremidades com maleimida (PEG-4MAL) devido à sua natureza 

modular, biocompatibilidade e propriedades bioquímicas e biofísicas bem 

caracterizadas. O PEG-4MAL foi inicialmente funcionalizado com o domínio rhNtA 

mono-PEGilado para lhe permitir mediar a incorporação selectiva da laminina. Os 

hidrogéis desenvolvidos apresentaram propriedades mecânicas (módulo complexo (G*) 

= 251 Pa) no gama de valores preferidos para a proliferação das CEN (100 – 1000 Pa) 

e extensão de neurites (200 – 400 Pa). Os hidrogéis com laminina imobilizada 

seletivamente revelaram modular de forma mais eficaz a proliferação das CENs e a 

extensão de neurites, quando comparados com hidrogéis não modificados, e sobretudo 

em contraste com hidrogéis sem o domínio rhNtA mono-PEGilado, mas contendo a 

mesma quantidade de laminina fisicamente incorporada. 

Alternativamente à imobilização da molécula da laminina, também explorámos um 

péptido derivado da laminina que interage com os recetores sindecano (AG73), para 

conferir bioatividade às matrizes 3D. A natureza modular da matriz sintética utilizada, 

permitiu-nos explorar o efeito da densidade do péptido AG73 no comportamento celular, 

independentemente de outras propriedades bioquímicas e biofísicas do hidrogel. Os 

hidrogéis de PEG-4MAL modificados com o péptido levaram a um aumento significativo 

da viabilidade celular após 7 dias em cultura, independentemente da concentração de 

péptido. Além disso, a concentração máxima de AG73 testada (1 mM) revelou suportar 

melhor a proliferação das CENs e a extensão de neurites, tal como favorecer o 

estabelecimento de uma rede neuronal. 

No geral, o trabalho apresentado nesta tese contribuiu para: (i) o desenvolvimento de 

uma estratégia de afinidade para a imobilização seletiva da laminina, com potencial para 

ser utilizada em alternativa às estratégias de imobilização convencionais (incorporação 

física e imobilização covalente não seletiva) em diversas aplicações (p.e. revestimentos 

para neuro-elétrodos, substratos para cultura celular, e biofuncionalização de matrizes 

3D); (ii) desenvolvimento de plataformas 3D definidas com potencial de utilização no 

estabelecimento de nichos neurogénicos artificiais e como microambientes temporários 

biomiméticos, para transplante de CENs no contexto da regeneração do sistema 

nervoso. 
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Em resumo, acreditamos que este trabalho abre novas perspetivas para o 

desenvolvimento de matrizes mais eficazes para aplicação em terapias regenerativas 

baseadas no transplante de CENs para o tratamento de doenças traumáticas ou 

degenerativas do SNC. 
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Central nervous system (CNS) neurological disorders, which may be induced by physical 

trauma (e.g. spinal cord or traumatic brain injury), or by chronic neural degeneration in the 

case of neurodegenerative diseases (e.g. Parkinson’s and Alzheimer’s disease and 

Amyotrophic Lateral Sclerosis)), affect millions worldwide and are commonly characterized by 

the loss of neurons and glial cells [1, 2]. After an injury/trauma, a physical and chemical barrier 

to axonal regeneration is created within CNS. This leads to the destruction of neural and 

vasculature structures; recruitment of inflammatory cells and reactive astrocytes, which favor 

the formation of a glial scar; and to the release of inhibitory molecules associated with myelin, 

fibrotic tissue or glial scar that will contribute to the failure of axonal regrowth [3, 4]. Ultimately, 

the complexity and hostility of the CNS microenvironment established after injury/trauma, 

limits its ability to repair and regenerate [5]. 

The treatments currently available for CNS disorders, which include physical therapy, 

pharmacological intervention and functional electrical stimulation [6, 7], although able to 

alleviate the symptoms of the disease or injury, do not evidence ability to efficiently promote 

the regrowth and restoration of damaged central nerve cells, neither the creation of new 

neurons. Therefore, continuous research to better understand the pathophysiology of CNS 

disorders and provide new therapeutic strategies is highly needed. In this context, stem cell 

therapies are being extensively explored, as they allow the targeting of multiple therapeutic 

mechanisms in a controlled fashion [4, 5, 8]. These therapies rely upon the neuroprotective, 

trophic and replacement potential of stem cells [4, 9], which may contribute to create a 

permissive microenvironment for the processes of repair and regeneration to occur. Among 

the different stem cells being currently investigated in the context of neurologic disorders, 

neural stem cells (NSCs) constitute one of the most attractive choices [4, 9, 10]. 

NSCs are multipotent stem cells that differentiate into the main cell phenotypes of the CNS - 

neurons, oligodendrocytes and astrocytes - and can thus, be used for the replacement of lost 

neurons or oligodendrocytes [9]. Moreover, through the production and secretion of 

neurotrophic and immunomodulatory factors, either naturally or through genetic modification, 

transplanted NSCs have shown to have a neuroprotective effect on endogenous neural cells 

[9] and are able to promote the regrowth of disrupted axons in vivo [11]. Ultimately, NSC 

transplantation is expected to support the regeneration of the damaged CNS, through the 

reestablishment of a relay neuronal circuitry and restoration of the neurological function. NSCs 

can be isolated from developing or adult CNS, where they reside within distinct and specific 

microenvironments; differentiated from pluripotent stem cells, including embryonic stem (ES) 

or induced pluripotent stem (iPS) cells; or directly converted from somatic cells, such as skin 

fibroblasts, urine cells and blood cells, easily harvested in the clinic [9]. 
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Different CNS disorders have already shown promise as targets for NSC transplantation, both 

in pre-clinical and clinical studies [9, 12, 13]. Nevertheless, and despite the significant 

advances made in the last few years, towards the clinical implementation of NSC-based 

therapies [9, 14], these still present limited success. This is mainly related to the rapid 

clearance and minimal engraftment observed within the host tissue after transplantation. 

Indeed, different studies showed that less than 5% of transplanted cells remain at the site of 

injection within days of transplantation [15]. The lack of stable engraftment is thought to be 

mainly related with the complexity and hostility of the CNS microenvironment established after 

injury, which adversely impacts stem cell fate and function. In this regard, and to achieve long-

term functional integration of transplanted NSCs into the host CNS and better support their 

survival and differentiation along the neuronal lineage, a better understanding of the 

surrounding microenvironment, both under physiological and pathological conditions, as well 

as the underlying mechanisms controlling the NSC fate is highly desirable. 

NSCs reside within a dynamic and complex microenvironment, the stem cell niche, where cell-

cell interactions and local microenvironmental cues, including those from neighboring cells, 

humoral factors and extracellular matrix (ECM), are key to regulate stem cell behavior [16-18]. 

However, the intrinsic regulatory mechanisms allowing NSCs to integrate this complex array 

of signals remain poorly understood, as the traditional culture systems are unable to 

recapitulate several important features of these microenvironments [19]. Consequently, in the 

last few years, emphasis was put on the development of well-defined and tunable three-

dimensional (3D) platforms that replicate the physical and chemical elements of the native 

neurogenic niches. These are expected to provide more accurate insights into in vivo cell 

physiological function and interactions with the surrounding microenvironment, and ultimately, 

contribute to the design of more effective NSC-based therapies. Different standard 

approaches for the 3D culture of cells, including spheroids, porous scaffolds and hydrogels, 

have been explored in this regard [20, 21]. Among these, hydrogels still constitute the most 

widespread option, as they are well-defined and tunable matrices that share many key 

physical properties with native ECM [19]. These include high-water content, good permeability 

and elasticity, resembling the nature of soft tissue microenvironments [22, 23]. Moreover, the 

structural, mechanical and chemical properties of hydrogels can be easily tuned to mimic the 

tissue-specific ECM microenvironment [22, 23]. Natural and synthetic polymer-based 

hydrogels have been already explored in different studies to mimic critical aspects of the NSC 

niches [24-27]. Natural polymers constitute an attractive option for the design of biomimetic 

hydrogels, due to their inherent bioactivity and mechanical properties similar to those of the 

native ECM. Nevertheless, their use is very often hindered by batch-to-batch variability and 

limited range of mechanical properties [28, 29]. Synthetic polymers, in turn, have been 
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receiving more attention for such applications, as they are able to overcome many of the 

inherent limitations of natural-based hydrogels. These are chemically-defined materials, which 

can be easily tuned to present the desired mechanical properties [23]. Moreover, although 

synthetic polymers, usually, may not intrinsically offer biological information (e.g. adhesive 

cues, growth factors and protease-sensitive sequences), they can be easily engineered to 

include biological signals [23]. 

Poly(ethylene glycol) (PEG), the starting material explored in this thesis, is a synthetic 

hydrophilic polymer widely used in clinic, with low risk of immunogenicity, which has been 

extensively explored for the development of cell-instructive microenvironments, with 

application in the framework of regenerative medicine and tissue engineering [30-32]. PEG 

has linear and branched (multi-arm or star) basic structure that can be easily modified with 

different functional groups, including acrylate, maleimide, vinyl sulfone, among others [33], to 

allow hydrogel formation or conjugation with biomolecules. Different crosslinking methods can 

be explored for PEG hydrogel formation, including free radical polymerization and covalent 

reaction of PEG macromers with reactive chain ends (e.g. Michael-type addition, click 

chemistry, enzymatic reaction, etc; for a more comprehensive review see [30]). Michael-type 

addition, the polymerization approach used in this thesis, is one of the most commonly 

explored, as it allows the easy and fast incorporation of cysteine-containing peptides within 

appropriately functionalized PEG macromers, at physiological pH conditions [34, 35]. As 

previously mentioned, the chemical and mechanical properties of synthetic hydrogels can be 

easily tuned and optimized to create a favorable cell microenvironment to maximize the 

survival and function of encapsulated cells and promote interaction with the host 

microenvironment. Matrix adhesiveness and degradability are two critical factors to take into 

consideration, when designing cell-instructive microenvironments, as they will be key for the 

modulation of NSC function (e.g. viability, proliferation, outgrowth and differentiation) and 

matrix remodeling [27, 36, 37]. Therefore, and despite the bioinert nature of PEG, this polymer 

can be synthesized to include reactive functional groups enabling the tethering of bioactive 

cues, such as cell adhesive domains and protease-sensitive sequences. The structural and 

viscoelastic properties of these hydrogels, can also be tailored by varying the polymer 

concentration, chain length, chain configuration (e.g. linear, multi-arm, etc.) and cross-linking 

density [38, 39]. The modulation of these properties will ultimately impact different cellular 

functions, including NSC survival, proliferation and differentiation [34, 36, 37]. In addition, the 

fine control over hydrogel mechanical and structural properties will be crucial to direct neural 

stem cell fate [40-43]. 

Within the neurogenic niche, laminin constitutes one of the most important and best described 

ECM factors [44, 45]. This heterotrimeric glycoprotein comprises several bioactive domains 
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contributing for basement membrane assembly and stability, and involved on the modulation 

of NSC behavior (e.g. cell adhesion, viability and neuronal outgrowth and migration) [46-49]. 

Indeed, different studies have already explored the immobilization of full-length laminin and 

their peptide analogues, for the design of 3D NSC niche microenvironments (for a more 

comprehensive review see [50]). The developed 3D matrices have shown ability to create a 

permissive microenvironment for cell growth and differentiation in vitro, and some of these 

matrices evidenced promising in vivo biological performance, when explored as vehicles for 

cell transplantation in the context of neurological disorders. 

The tethering of bioactive factors, such as proteins and peptides, onto hydrogels requires 

appropriate synthetic techniques for the preservation of biological function. Nevertheless, the 

selection of the most appropriate chemistry is not trivial, as it should assure control over 

peptide/ protein orientation and conformation, which in turn will impact their bioactivity and 

ability to modulate cellular behavior [51-53]. Specifically, strategies explored, to date, for full-

length laminin immobilization, have relied either on its transient non-covalent incorporation or 

physical entrapment or, alternatively, on its non-selective covalent immobilization by taking 

advantage of functional groups present in multiple sites of the laminin structure, such as 

amines and thiols [50] (Fig. 1). Despite widely used, one of the main limitations presented by 

these strategies is the inability to control the conformation and orientation of bioactive 

molecules upon immobilization. In this regard, in recent years, immobilization strategies have 

shifted towards site-specific conjugation, with special focus on biorthogonal chemical 

reactions (click chemistry), enzymatic ligation and affinity binding, using either unnatural 

amino acids or engineered site-selective amino acid sequences (for a more comprehensive 

review see [54]). These strategies are expected to provide a higher retention of bioactivity, by 

favoring the access to the active sites of immobilized proteins. 
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Figure 1. Strategies currently explored for laminin immobilization into 2D and 3D cell instructive 
microenvironments. Non-covalent incorporation approaches are used under the assumption the 

adsorbed protein layer forms a molecular network, retaining the overall properties of laminin matrices 

in vivo. Non-selective covalent immobilization, in turn, takes advantage of functional groups (e.g. 

amines and thiols) present in multiple sites on the laminin structure. Both strategies lack the ability to 

control the orientation and conformation of laminin upon immobilization, which may compromise the 

exposure of key laminin bioactive epitopes. 

Affinity-binding has been increasingly explored, as it allows the design of dynamic biomimetic 

systems, favoring the site-specific and reversible conjugation of proteins and peptides, and, 

as a result, resembling more closely what happens in vivo. However, its successful 

implementation is highly dependent on the appropriate selection of the binding pairs. With this 

in mind, and in alternative to the “artificial” binding systems, such as streptavidin and biotin, 

which require the protein of interest to be either recombinantly or chemically modified, natural 

binding partners are being explored. By taking advantage of the native high affinity interaction 
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between proteins and peptides, strong non-covalent interactions can be established without 

the need for protein modification. 

The N-terminal agrin (NtA) domain, which comprises the first 135 amino acids of agrin, 

mediates a high affinity interaction with laminin (dissociation constant KD @ 5nM) [55], required 

for the integration of agrin into synaptic basal lamina and other basement membranes [56]. 

The amino acid sequence of this domain is highly conserved, with > 90% of the residues being 

identical, among chick, mouse and human [57] (Fig. 2). The agrin-binding site in laminin was 

shown to be localized in the central region of the coiled-coil domain of laminin and maps to a 

sequence of 20 surface-exposed and conserved residues within the g1 chain [58, 59]. This 

represents more than 50% of the isoforms identified to date [60], with variations in affinity 

imposed by a and b chains. Interestingly, this interaction requires a coiled-coil conformation 

of the agrin-binding site [59]. To better understand the interaction of agrin with laminin, the 

crystal structure of chicken NtA domain, in the presence of a synthetic 20-residue peptide 

corresponding to the agrin-binding site within the laminin g1 chain, was described [57]. The 

NtA core domain comprises five b-strands that form two orthogonally packed b-sheets flanked 

by a-helices at both termini, characterized by a high content of charged amino acids (Fig. 2) 

[57]. Indeed, charged residues account for > 25% of all amino acid residues that constitutes 

the NtA sequence. Laminin coiled-coil structures, in turn, were shown to exhibit the typical 

heptad repeat (abcdefg)n, in which solvent exposed positions are generally occupied by polar 

or charged residues while hydrophobic amino acids tend to be oriented towards the core of 

the superhelix [61, 62]. In line with these evidences, different studies demonstrated that the 

high affinity interaction between the coiled-coil domain of laminin and the globular NtA domain 

was mainly of ionic nature and was mediated by the C-terminal helix 3 as the primary binding 

site and by the highly conserved charged residues at the open face of the b-barrel as an 

auxiliary site [55]. 
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Figure 2. Structure of the NtA domain. A) Alignment of agrin NtA domain of chick, human and mouse. 

The sequences were aligned to the first 135 amino acids of chick agrin, starting after the signal 

sequence cleavage site. Conserved residues are indicated by dots and the secondary structure 

elements are indicated above the alignment using correspondent color code in B). B) Ribbon and C) 
topology diagrams of the NtA structure secondary elements. b-strands (S1-S5) are represented in red; 

a-helices (H1-H3) are represented in blue; loop regions (L1-2, L3-4 and L4-5) are oriented to the same 

surface of the protein in B) and are shown as green lines in C). Adapted from [57], Copyright© 2001, 

Springer Nature.  

The high affinity interaction between the NtA domain and laminin was already explored for the 

development of different controlled release systems for therapeutic proteins, such as growth 

factors [63-66] and neuropeptides [67]. For such purpose, fusion proteins consisting of the 

NtA domain and a growth factor or a neuropeptide moiety were successfully engineered. 

These were shown to be able to target laminin accumulated in the lesion areas, thus 

evidencing the potential of NtA to be used as a natural binding ligand, preventing the diffusion 
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of the growth factors or neuropeptides and hence increase their timely presence at a specific 

site. 

Laminin-derived small adhesive sequences have been increasingly explored, in alternative to 

the incorporation of the full-length protein, to confer bioactivity to 3D matrices [50]. Most of the 

works published to date, have explored synthetic adhesive peptides, which mediate cell 

interaction via integrin receptors [50]. Alternatively, cell binding ligands interacting with 

transmembrane heparan sulfate proteoglycans (HSPGs), and more specifically syndecans, 

have gained more attention in the last few years, as attractive alternative to engineer 

biomimetic matrices, as result of their key role in regulating NSC stemness [68-70]. Syndecans 

are transmembrane HSPGs, with a key role on the modulation of different biological 

processes, including neural patterning, angiogenesis, inflammation and wound healing [71]. 

These cell adhesion receptors are composed by an extracellular domain, comprising 

glycosaminoglycan (GAG) chains, including heparan sulfate (HS) and chondroitin sulfate (CS) 

chains, which mediate the interaction with growth factors, ECM proteins, as well as with other 

receptors (Fig. 3) [71, 72]. Syndecan receptors also present a single transmembrane domain 

that regulates homo- and hetero-dimerization, and a short cytoplasmic domain, which interact 

directly with intracellular signaling molecules (Fig. 3) [71, 72]. The extracellular domain of 

these receptors varies between the four members of the syndecan family identified in 

mammals (Syndecan-1, -2, -3 and -4), while the transmembrane and cytoplasmic domains,, 

are highly conserved [71]. 

 

Figure 3. Schematic representation of mammalian syndecan receptors. Syndecan receptors are 

composed by an extracellular domain comprising several glycosaminoglycan (GAG) chains – Heparan 
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sulfate (HS) and Chondroitin sulfate (CS) chains, which mediate several cell-cell and cell-matrix 

interactions. They also have a single transmembrane domain responsible to promote self-association 

between core proteins, and a cytoplasmic domain that will mediate downstream signaling. Adapted 

from [73], Copyright® 2014, John Wiley & Sons. 

The four members of the syndecan family (Syndecan-1, -2, -3 and -4) present distinct cell- 

and tissue-specific expression patterns [74]. More specifically, within the NSC niche, 

syndecans have a key role on the modulation of all stages of stem cell maintenance and 

neurogenesis (e.g. proliferation, self-renewal, differentiation, migration and maturation), either 

through independent signaling or by working alongside with other receptors, such as integrins 

[68-70]. Syndecan-1 is highly expressed during neurogenesis and is key to support NSC 

proliferation and progenitor cell maintenance [75, 76], while syndecan-4 constitutes a key 

marker of NSCs differentiation [77]. These evidences are in agreement with previous studies 

from our lab, showing that human NSCs (hNSCs) derived from the H9 embryonic stem cell 

line, cultured under basal conditions, express high levels of syndecan-1 (98.6%), whereas 

syndecan-4 levels were found in much lower amounts (2.62%) [78]. Syndecan-3 is key for the 

modulation of axon guidance [79, 80] and neurite outgrowth [81, 82], and together with 

syndecan-4 [83] controls neuronal migration. Lastly, syndecan-2 exerts a remarkable effect in 

dendritic spine morphogenesis [84].  

AG73 (RKRLQVQLSIRT) is a synthetic peptide derived from the laminin globular 4 (LG4) 

domain of laminin a1 chain, which interacts with syndecan-1 [85, 86] and syndecan-4 [87]. 

This peptide was reported to promote cell adhesion with membrane ruffling [88-90], and 

showed great potential to enhance neurite outgrowth of PC12 neuronal cells when tethered 

onto natural-based hydrogels [91-93]. A previous study from our lab, evidenced that 

functionalization of fibrin hydrogels with AG73 improves cell outgrowth of hNSCs [78]. Despite 

the promising results, the intrinsic bioactivity presented by natural-based polymers makes 

difficult to deconvolute the contribution of the syndecan-binding peptide to the final biological 

outcome. Synthetic-based polymers, in turn, constitute an attractive alternative in this regard, 

as they are chemically-defined materials that allow a precise and independent control over the 

biochemical and biophysical properties of the matrix [23]. Additionally, to the best of our 

knowledge, to date, no study evaluating the functionalization of synthetic hydrogels with the 

AG73 peptide and assessing its effect on the modulation of NSC fate and function was 

conducted. 

In summary, the design of biologically relevant matrices able to recapitulate the 

microenvironment of the stem cell niches and modulate the stem cell function and fate, hold 
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great potential when trying to improve the efficacy of cell-based therapeutic strategies 

currently under investigation and development. 
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AIM OF THE THESIS 

The main aim of the work presented in this thesis was the design of biologically relevant 

matrices, able to recapitulate the laminin-rich microenvironment of neural stem cell (NSC) 

niches. For that, we proposed the biofunctionalization of protease-sensitive synthetic 

hydrogel matrices, via site-selective immobilization of full-length laminin. Additionally, we 

also explored the modification of such matrices with a syndecan interacting laminin-derived 

peptide (AG73). The developed hydrogels were designed to support NSC viability, 

proliferation and neuronal differentiation, which are key features for their application, as 

dynamic cell-instructive extracellular matrix (ECM) analogs, in in vitro three-dimensional 

(3D) platforms for NSC culture and as vehicles for NSC transplantation into the damaged 

central nervous system (CNS). 

Specific aims of the proposed work included: 

§ Establishment of an affinity-based approach to promote the site-selective 

immobilization of laminin, allowing for the subsequent controlled presentation of this 

ECM protein in cell microenvironments. 

§ Evaluation of the potential of the proposed strategy for the site-selective 

immobilization of different laminin isoforms (in the context of this thesis assessed 

for mouse laminin-111 (msLn-111) and recombinant human laminin-521 (rhLn-521)) 

into a synthetic hydrogel. As the starting material for the development of the 

hydrogel, a four-arm maleimide-end functionalized poly(ethylene glycol) (PEG-

4MAL) macromer was selected, due to its good biocompatibility, both in vitro and in 

vivo [1-3], and well characterized biochemical and biophysical properties [3-5]. By 

selecting a synthetic polymer as the hydrogel backbone, we aim at assuring 

reproducibility, while exploring the versatility of synthetic materials in terms of 

tunable physical properties and biofunctionalization. 

§ Validation of the developed 3D platform for the culture of human NSCs (hNSCs), in 

terms of ability to support cell viability, proliferation and neurite outgrowth. 

§ Biofunctionalization of PEG-4MAL hydrogels with a syndecan-binding laminin-

derived peptide (AG73) with neurite-promoting activity, and evaluation of the impact 

of the input peptide concentration on hNSC viability, proliferation and neurite 

outgrowth.
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STRUCTURE OF THE THESIS 

This thesis is divided into two parts, comprising a total of nine chapters. In Part 1, a 

general introduction and a literature background is given to contextualize and support the 

work described in this thesis. In Part 2, the explored methodology and obtained results are 

presented, and an overall discussion of the developed work is provided. 

The key role of laminin on the modulation of NSC behavior [6-9], makes this ECM protein 

highly attractive for the design of NSC niche microenvironments. Indeed, some works 

already explored laminin immobilization into different biological and synthetic matrices. In 

Chapter III we summarize the structural properties and main functions of laminin and 

reviewed the most relevant works using full-length laminin and laminin-derived peptides for 

the design of biomimetic matrices, for application in a neural regenerative context [10]. 

To better understand NSC physiology and interactions with the surrounding 

microenvironment, the development of well-defined and tunable 3D platforms able to 

replicate the physical and chemical elements of the native ECM is highly desirable. Among 

the several 3D platforms developed to date, biomimetic hydrogels still constitute one of the 

most attractive options for the design of matrices able to recapitulate the microenvironment 

of NSC niches, as they share many key physical properties with native ECM/tissues. In 

Chapter IV the most recent work using biomimetic synthetic self-assembled hydrogels for 

cell transplantation [11] is reviewed, due to their interesting properties for application in the 

CNS, when compared to covalently-crosslinked hydrogels. Additionally, we discuss some 

of the main challenges hampering the translation of these systems to the clinic and the 

issues that need to be addressed for these to progress from bench-to-bedside. 

Many of the strategies explored to date for the immobilization of full-length laminin into both 

two-dimensional (2D) and 3D cell-instructive microenvironments are limited by the inability 

to control laminin orientation and conformation, upon immobilization, with preservation of 

protein bioactivity. In this regard, and envisaging the development of a 3D cell-instructive 

microenvironment, in Chapter V we described an affinity-based approach able to promote 

the site-selective immobilization of laminin to a specific substrate, while preserving the 

exposure of the protein key bioactive epitopes [12, 13]. The proposed strategy takes 

advantage of the native high affinity interaction between laminin and the human N-terminal 

agrin (hNtA) domain, allowing the controlled immobilization of laminin, with preservation of 

its ability to polymerize and mediate hNSC adhesion and spreading. 

The application of the proposed affinity-based approach for the site-selective immobilization 

of laminin (msLn-111) into a degradable PEG-4MAL hydrogel is reported in Chapter VI [14]. 

This aims the establishment of an artificial niche able to support NSC 3D culture and 
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hopefully, transplantation. Affinity-bound laminin PEG-4MAL hydrogels showed great 

potential to be used as defined 3D platforms enabling NSC proliferation and neurite 

outgrowth, when compared to currently available strategies for laminin immobilization, 

which include physical entrapment and non-selective covalent immobilization. 

Ln-521 has a key role on the modulation of neural cell behavior (e.g. adhesion, viability and 

network formation) [6, 15] and already showed potential to be used as a robust substratum 

for the culture and renewal of human embryonic [16] and pluripotent [6] stem cells. 

Consequently, in Chapter VII we explored the development of an affinity-bound rhLn-521 

PEG-4MAL hydrogel, by taking advantage of the immobilization strategy previously 

proposed in Chapter V [12, 13], with some specific modifications, aiming to improve rhLn-

521 binding to NtA and, consequently its impact on hNSC behavior. A significant 

improvement on neurite outgrowth was observed, compared to unmodified hydrogels, 

suggesting an impact of such modifications on protein conformation and domain 

presentation to cells. 

Laminin-derived small adhesive sequences (e.g. IKVAV, YIGSR, RNIAEIIKDI, 

RKRLQVQSIRT) have been previously explored as alternative to the incorporation of the 

full-length laminin, to confer bioactivity to 3D matrices. Most of the works published to date, 

explored peptides mediating cell interaction via integrin receptors. More recently, a different 

class of receptors, syndecans, have gained more attention as attractive alternative 

therapeutic targets to engineer biomimetic matrices in a neural regeneration context. In 

Chapter VIII, a syndecan-binding peptide (AG73 – RKRLQVQSIRT) with neurite-promoting 

activity and previously explored to modify natural hydrogel matrices [17-21], was explored 

for the functionalization of a degradable PEG-4MAL hydrogel. More specifically, the impact 

of different input peptide concentrations on cell behavior was assessed. The tethering of 

AG73 peptide to PEG-4MAL hydrogels led to a significant improvement of cell viability, after 

7 days, independently of the input peptide concentration tested. Additionally, a significant 

improvement in hNSC proliferation and neurite outgrowth, as well as the establishment of 

a neuronal network were observed, after 14 days, for cells cultured on hydrogels tethered 

with the higher concentration of peptide tested (1 mM). 

Finally, in Chapter IX the concluding remarks correlating the overall obtained results and 

the perspectives for future research are presented.  
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Abstract 

Laminin is a heterotrimeric glycoprotein with a key role in the formation and maintenance of 

basement membrane (BM) architecture and properties, as well as on the modulation of 

several biological functions, including cell adhesion, migration, differentiation and matrix-

mediated signaling. Laminin is differentially expressed within central nervous system (CNS) 

during development and homeostasis, with an impact on the modulation of cell function and 

fate. Within neurogenic niches, laminin is one of the most important and well described 

extracellular matrix (ECM) proteins. Therefore, an understanding of laminin assembly, 

domain architecture and interaction of its different bioactive domains with cell surface 

receptors, soluble signaling molecules and ECM proteins is essential to better understand 

the role of this ECM protein and its receptors on the modulation of neurogenesis, both in 

homeostasis or during repair. This is also expected to provide a rational basis to design 

biomaterial-based matrices that mimic the biological properties of the BM for neural tissue 

repair and cell replacement. 

In this chapter, a general overview of laminin structure and domain architecture, as well as 

the main biological functions mediated by this heterotrimeric glycoprotein is provided. The 

expression and distribution of laminin in the CNS, and more specifically its role within adult 

neural stem cell niche is summarized. Moreover, a detailed overview on the use of full-

length laminin and laminin derived peptides/recombinant laminin fragments for the 

development of biocompatible hydrogels mimicking the neurogenic niches, and with 

application for tissue repair and cell replacement in the context of the nervous tissue is 

given. Finally, the main challenges associated with the development of laminin-inspired 

hydrogels and the issues that need to be addressed for these to progress from bench-to-

bedside are discussed. 
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1. Laminin 

1.1. Structure and domain architecture 
Laminins are large heterotrimeric glycoproteins (400 – 900 kDa) composed by three 

polypeptide subunits, a, b, and g, which assemble into cross-shaped molecules (Fig. 1A). 

To date 5 a, 3 b, and 3 g chains have been identified and associated with the formation of 

16 different laminin isoforms (Fig. 1B), whose expression pattern differ among different 

tissue types and developing stages (for a more comprehensive review see [1-3]). 

Heterotrimers containing laminin a1 (e.g. laminin-111) are mainly expressed during 

embryogenesis, disappearing progressively from most basement membranes (BM) during 

development, while those comprising the a5 chain (e.g. laminin-511 and -521) are the most 

ubiquitous form in the adult organism [4-7]. Laminin isoforms 211 and 221 are mainly 

present in the BM of skeletal and cardiac muscles [8-10], while laminin-411 and -421 are 

abundant in endothelial BM [11-13]. Laminin-332, in turn, is specific for the basal lamina 

underlying epithelial cells [14, 15]. In addition to the laminin isoforms identified to date, and 

summarized in Fig. 1B, novel potential laminin chain combinations have been proposed – 

212/222 (a2b1g2 / a2b2g1) [16]; 312 (a3b1g2) [17]; 3A33 (a3Ab3g3) [18]; 422 (a4b2g2) [17]; 

522 (a5b2g2) [19], though their expression in vivo has not been demonstrated to date. 

 

 
Figure 1. Laminin structure and domain architecture. A) Representative model of laminin 

structure composed by three polypeptide subunits, a (blue), b (green) and g (purple). LN laminin N-

terminal domain; LE laminin-type epidermal growth factor like domains; L4 laminin 4 and LF laminin 

four domains; LG laminin globular domains. B) The sixteen different laminin isoforms described to 

date, grouped according to their domain similarities. The laminin molecules are named according to 

their chain composition. Thus, laminin-511 contains α5, β1, and γ1 chains, for example. Adapted 

from [7], Copyright© 2013 Landes Bioscience. 
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Laminin isoforms are composed by three short arms and a triple a helical coiled-coil domain 

(long arm), formed by the combination of a, b and g subunits (Fig. 1A). Short arms, with the 

exception of the a3A, a4 and g2 chains (Fig. 1B), are composed by a large globular domain 

at the N-terminus, the laminin N-terminal (LN) domain and by tandem repeats of laminin-

type epidermal growth factor like (LE) domains interspersed by globular domains (laminin 

4 (L4) and laminin four (LF) domains), whose number vary among laminin subunits, and 

whose function is still unknown [1]. Long arms present a highly conserved domain structure 

composed by a-helical domains, rich in heptad repeats (abcdefg)n of charged and non-polar 

amino acids, folded into a trimeric coiled-coil structure [20-22]. b-subunits have all a short 

stretch of amino acids, termed b-knob, whose function has not yet been unveiled [20]. The 

long arm coiled-coil domain of the a-chain comprises a large globular domain, which is 

divided into five laminin globular (LG) domains (LG1-LG5) grouped into functional and 

structural distinct subdomains – LG1-3 and LG4-5 [23]. The coiled-coil is thought to help to 

orientate the LG domains, so they can be available to interact with cells, via cell surface 

receptors, including integrins [23-25], syndecans and dystroglycan [23, 26-28], and bind to 

growth factors [29] and other extracellular matrix (ECM) proteins [23]. 

1.2. Main Functions 
The multiple bioactive domains of laminin are involved in the modulation of a plethora of 

biological functions, including ECM deposition, cell-ECM and cell-cell interactions (Fig. 2A). 

More specifically, the laminin short arms (N-terminus) mediate laminin interaction with other 

ECM proteins (e.g. nidogen, netrin 4, heparan sulfate proteoglycans (HSPGs) and collagen 

IV), playing a key role in the assemble and stability of the BM [7]. These domains are also 

involved in laminin ability to polymerize [30-32], even in the absence of other BM 

components, forming the molecular network that will be in contact with the cellular surface 

[7]. In addition to its structural role, laminin comprises multiple bioactive domains that 

interact with cell surface receptors (e.g. integrins, dystroglycans and syndecans) and 

growth factors. While the interaction with different laminin receptors is known to be essential 

for the modulation of different cell functions, including cell adhesion, proliferation, migration 

and differentiation, as well as for ECM deposition [7, 10, 33], interaction of laminin with 

growth factors (e.g. vascular endothelial growth factor/platelet-derived growth factor; 

fibroblast growth factor; bone morphogenic protein (BMP); neurotrophin (NT);endothelial 

growth factor; CXCL chemokines) was only recently described [29], and thus, further studies 

to assess its potential contribution for cell function still need to be conducted. 
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Figure 2. Main biological functions mediated by laminin (not to scale). A) Schematic 

representation of the major functions of laminin. The laminin short arms (N-terminus) mediate the 

process of laminin polymerization and the interaction with other ECM proteins, contributing to the 

assembly and stability of BMs. The globular domains within the end of laminin long arm (C-terminus), 

in turn, mediate laminin interactions with cells and growth factors, being responsible for the 

modulation of different cell functions (e.g. adhesion, proliferation, migration and differentiation). 
Adapted from [7], Copyright© 2013 Landes Bioscience. B) Schematic representation of laminin 

polymerization. N-terminal domain of a, b and g chains interact to form a polygonal network. Adapted 

from [34], Copyright© 2012 Landes Bioscience. C) Schematic representation of supramolecular 

assembly of the BM. Laminin polymeric network interacts with different components of the BM, 

including nidogen, perlecan, agrin and collagen IV, contributing for the stability and assembly of BM. 
Nidogen and perlecan mediates laminin-collagen IV binding, whereas agrin binds to laminin through 
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its N-terminal domain. Both agrin and the laminin network are anchored to the cell surface by 

interactions with integrins, syndecans and a-dystroglycan. Adapted from [34], Copyright© 2012 

Landes Bioscience. 

1.2.1. Laminin polymerization 
Laminin polymerization is a key process to direct BM assembly and organization, and 

occurs by a thermally reversible mechanism dependent on the presence of calcium ions 

[30-32]. This process is better explained by the three-arm interaction model (Fig. 2B) [31, 

32], which proposes that the three laminin N-terminal short arms (with exception for laminins 

comprising a3A-, a4- and g2-subunits (Fig. 1B)) interact with the globular N-terminal 

domains of other laminins to form a polygonal network (Fig. 2B) [30-32, 35, 36]. The long 

arm of the laminin heterotrimer, in turn, is predicted not to be involved in the network 

formation, being free to interact with cells out of the plan of the polymer. Further studies 

were conducted, to characterize in more detail the mechanism of polymerization in different 

laminin isoforms [37-39]. It was demonstrated that laminin assembly is not restricted to the 

self-polymerization of one specific laminin isoform with the formation of a homopolymer, but 

can also occur by co-polymerization of laminin heterotrimers from different laminin isoforms 

[32]. Additionally, different studies suggest that in vivo, the process of laminin assembly is 

favored by laminin interaction with cell surface receptors (e.g. integrins, dystroglycan) [36, 

40-42]. Nevertheless, there is still some controversy on the exact mechanism underlying 

the cross-talk between laminin assembly and cell surface receptors. Some works evidenced 

that laminin polymerization induces clustering of integrins and dystroglycan in the cell 

membrane, and aggregation of intracellular cytoskeletal components [43, 44]. Other 

studies, in turn, showed that dystroglycan null embryoid bodies are able to develop a BM 

[45]. Therefore, studies to better understand the impact of different cell surface receptors 

on laminin assembly need to be conducted. 

Laminin polymerization can be reproduced in vitro under specific conditions [30, 46].[30]. 

More specifically, laminin was showed to be able to spontaneously polymerize in solution 

either at neutral pH, requiring a minimal protein concentration of approximately 60 nM [30], 

or can be triggered in acidic conditions independently of its concentration [46]. 

1.2.2. Laminin role in the assembly and stability of basement membranes 
BM assembly and stability depends on the proper interconnection between different ECM 

components, including laminin and collagen IV, as well as other proteins, such as nidogen 

(entactin) and HSPGs (e.g. agrin and perlecan) (Fig. 2C). Nidogen is a sulfated glycoprotein 

ubiquitously found in the BM, known to interact strongly [47] with an LE module within the 

laminin g1 subunit [48, 49]. In contrast, a weaker nidogen binding has been observed in 
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laminin g2 and g3 subunits [50]. This protein also interacts with other ECM proteins, 

including perlecan, one of the major HSPGs, thus working as an intermediate for the 

interaction between this HSPG and laminin. Agrin, a multi-domain HSPG, which has a key 

role in synapse formation and maintenance at the neuromuscular junction [51], was showed 

to mediate a high affinity interaction with a sequence of 20 conserved residues within 

laminin g1 chain (dissociation constant (KD) @ 5 nM) through its N-terminal (NtA) domain 

[52]. This interaction is required for the integration of agrin into the synaptic basal lamina 

and other BMs [53]. Perlecan and agrin, through the direct or indirect interaction with 

laminin, will mediate the interaction of the laminin polymeric network with the cell surface 

assembled collagen IV, thus contributing to BM assembly and stabilization [34, 54, 55]. The 

interactions mediating the incorporation of laminin polymeric structures into the 

supramolecular network of the BM depend on the laminin isoform, namely on the structural 

domains present on laminin short arms (Fig. 1B). While laminin-111, -211 and -511 form a 

classical polymeric network, in which LN domain interactions with other ECM components 

are well described, little is known about the mechanisms behind the integration of laminin 

isoforms lacking LN domains in BM, such as those comprising a3A and a4 chains (Fig. 1B). 

In this regard, previous studies have demonstrated that although truncated, the N-terminal 

region of laminin 332 associates with other ECM components, including laminin 311 [56], 

collagen VII [57, 58], collagen XVII [59] and fibulin [60]. Despite this, further studies are 

necessary to better understand if these interactions are sufficient to maintain these laminin 

isoforms anchored to the BM, or if additional interactions are required. 

1.2.3. Cell adhesion-promoting activity 
Different cell surface receptors, including integrins, syndecans and dystroglycan [23] (Fig. 

2B-C), interact with the LG domains in the C-terminal end of the laminin a chain. While LG1-

3 domains mediate interaction with integrin receptors [23-25], the LG4-5 pair contains 

binding sites for a-dystroglycan and syndecans [23, 26-28]. 

Laminin-binding integrins a3b1, a6b1,a7b1 and a6b4 present different specificities 

depending on the laminin isoform [61], and most specifically on the laminin a chain [62]. 

For example, while integrin a6b1 has a broad affinity for all laminin isoforms, a3b1 and 

a6b4 bind almost exclusively to laminins comprising the a3 and a5 chains, while a7b1 

prefers isoforms with the laminin a2 and a5 chains. Laminin isoforms composed by a5 are 

the preferred ligands for laminin-binding integrins, whereas the ones composed by a4 

chains constitute the poorest ligands [62]. Integrins binding to LG domains require that both 

the LG1-LG3 domains and the coiled-coil to be intact. Indeed, some studies showed that 

modifications of the LG1-LG3 domain or on the coiled-coil structure, abolishes cell 
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adhesion-promoting activity. Although integrins bind to the LG1-3 domain comprised in the 

a-chain [3, 6, 63], it was demonstrated that b- and g-chains also play a role in the mediation 

of laminin-integrin binding [64, 65]. In addition to the LG1-3 domains, integrin-binding to 

laminins can also occur at other recognition motifs, namely at the cryptic RGD domain in 

laminin a1 chain, which only becomes accessible after proteolytic cleavage [66]. a-

dystroglycan displays a narrower binding spectrum, compared to integrins, presenting a 

high affinity only for laminin a1 and a2 chains [3]. Although the LG4-5 domains are the 

preferred a-dystroglycan binding domains, it was demonstrated that the a2 chain contains 

additional binding sites in the LG1-3 domains [3, 23, 63]. Syndecans are type I 

transmembrane HSPG cell receptors that interact with laminin LG4-5 domains that are 

responsible for the mediation of important cellular events [67]. In addition to a-dystroglycan 

and syndecans, other non-integrin laminin receptors, which do not interact with LG domains, 

were also described. These include the 110 kDa [68] and the 67 kDa cell surface receptors 

[69], which bind with high affinity to the IKVAV sequence within the laminin a1 chain and 

the YIGSR sequence within the laminin b1 chain, respectively. Overall, all transmembrane 

receptors described will have a key role in the formation and deposition of laminin matrices 

and will be involved in the modulation of cell-ECM and cell-cell interactions, as well as on 

the regulation of different cell functions and fate. 

Ultimately, the laminin-associated matrix proteins in concert with cell-surface receptors will 

be key for the proper assembly and/or deposition of laminin matrices, and will work to fine-

tune both matrix formation and its function. 

2. Laminin in the central nervous system (CNS) 

Laminin is differentially expressed within central nervous system (CNS), during 

development and homeostasis, with an impact on the modulation of cell function and fate. 

Despite its involvement in many aspects of CNS physiology and neuronal functions, there 

is still a lack of understanding on the exact role of laminin in the formation, development 

and function of neuronal networks. In this regard, several studies have been conducted to 

better characterize the expression and distribution of specific laminin chains or isoforms in 

different CNS regions, both during embryogenesis and adulthood (Table 1). 
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Table 1. Expression and distribution of laminin subunits in the central nervous system (CNS) during 

embryogenesis and adulthood. Adapted from [70], Copyright© 2018, with permission from John Wiley 

and Sons 

 
Laminin 
subunit 

Expression/Distribution sites References 

E
m

br
yo

ge
ne

si
s 

a1 Cerebellum, neuroretina, olfactory bulbs, meninges, 

cortical plate, floor plate of spinal cord and spinal cord 

neurons and glial cells 

[71-76] 

a2 Meninges, cortical plate, choroid plexus, dorsal root 

ganglion, ventricular region and spinal cord neurons and 
glial cells 

[71-74, 76-78] 

a3 Neuroectoderm, trigeminal nerve, cerebellum and spinal 

cord/brain neurons and glial cells 
[76, 79] 

a4 Dorsal root ganglion, cortical plate, endothelial cells, 

spinal cord/brain neurons and glial cells 
[11, 72, 74, 76] 

a5 Neural folds, cortical plate, spinal cord/brain neurons and 

glial cells 
[74, 76, 80] 

b1 Floor plate of spinal cord, spinal cord/brain neurons and 

glial cells 
[75, 76] 

b2 Cortical plate and spinal cord/brain neurons [74, 76] 

b3 Floor plate of spinal cord (?) [75, 76] 

b4 -  

g1 Neural folds, neuroectoderm, basement membrane (BM) 
and pia, floor plate of spinal cord, spinal cord/brain 

neurons and glial cells 

[75, 76, 80-86] 

g2 Epithelial cells and spinal cord/brain glial cells [76, 87] 

g3 Cerebellar pia and retinal vascular BM [81, 88] 

A
d

u
lth

o
od

 

a1 Blood vessels [89] 

a2 Astrocytes, pericytes, neurons, oligodendrocytes, 

microglia, ependymal cell layer, blood vessels and 

fractones in neurogenic niches 

[70, 84, 90-96] 

a3 Microglia [70] 

a4 Brain microvascular endothelial cells (BMECs), pericytes, 

oligodendrocytes, microglia ependymal cell layer, blood 
vessels and fractones in neurogenic niches 

[70, 82, 85, 86, 

94, 95, 97] 

a5 BMECs, pericytes, hippocampal neurons, 

oligodendrocytes, microglia, ependymal cell layer, blood 

vessels and fractones in neurogenic niches 

[70, 82, 85, 86, 

94, 95, 97-

101] 
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b1 BMECs, astrocytes, pericytes, neurons oligodendrocytes, 

ependymal cell layer, blood vessels and fractones in 

neurogenic niches 

[82, 84-86, 89-

91, 94, 95, 97-

102] 

b2 Blood vessels, pericytes and oligodendrocytes [94, 97] 

b3 Oligodendrocytes [94] 

b4 - - 

g1 BMECs, astrocytes, pericytes, neurons, 

oligodendrocytes, ependymal cell layer and fractones in 

neurogenic niches 

[82, 84-86, 89-

91, 94, 95, 97-

104] 

g2 Oligodendrocytes, ependymal cell layer, blood vessels 

and fractones in neurogenic niches 
[94, 95] 

g3 Veins and small-diameter capillaries, ependymal cell 

layer and fractones in neurogenic niches 
[88, 95] 

Evidence from human fetal and mouse embryonic studies, demonstrated that laminin-111 

is expressed throughout the CNS during embryogenesis and progressively disappears 

during development [75, 105, 106]. Further studies, revealed that different laminin subunits 

(a1, a2, a3, a4, a5, b1, b2, g1, g3) are expressed in the fetal human and embryonic mouse 

ventricular (VZ) and subventricular (SVZ) zone, cortical plate, and cerebellum, but the 

biological significance of these chains is still not well understood [70, 107]. In addition, 

laminins comprising the a5 chain was showed to have a functional role in neural tube 

formation and neural crest cell migration during mouse embryogenesis [108, 109]. Of note, 

the expression of laminin b3 chain at the embryonic stage, is still subject of great 

controversy [75, 76]. 

In the adult CNS, laminin can be found in almost all cell types, with a key role on the 

modulation of distinct functions [70, 95]. Among the different laminin isoforms, heterotrimers 

comprising the a5 chain (e.g. laminin-511 and -521) have been identified as the major 

neuronal laminins in adulthood [4-7]. 

3. Laminin in neurogenic niches 

NSCs are multipotent stem cells responsible for generating the main cell types in the CNS 

(neurons and glial cells) during development and adulthood. Therefore, these cells will have 

a key role on the maintenance, repair and regeneration of the CNS. NSCs reside within 

specialized structures, the stem cell niches, where cell-cell interactions and local 

microenvironmental cues, including those from neighboring cells, humoral factors and ECM, 

are key to regulate stem cell behavior. During development, NSCs are distributed along the 

VZ of the neural tube, while in adult brain NSCs are restricted to specific neurogenic niches, 
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which include the subgranular zone (SGZ) of the dentate gyrus in the hippocampus or the 

SVZ on the lateral ventricules, which is the largest and most studied NSC niche [110]. 

The neurogenic niche in the SVZ of the adult brain (Fig. 3) is composed by support cells 

(endothelial cells and astrocytes), immature precursors and a monolayer of ependymal cells 

lining the lateral ventricle [111]. Moreover, the resident stem cell lineage in the SVZ 

comprises the relatively quiescent NSCs (type B cells) [112], which can self-renew or 

generate transit-amplifying cells (type C cells). The latter can, in turn, give rise to migratory 

neuroblasts (type A cells) and oligodendrocyte precursors [113, 114]. In the niche NSCs 

are surrounded by fractones, branched structures closely associated to blood vessels rich 

in several ECM components, including laminin, collagen IV, nidogen and proteoglycans 

[111]. These fingerlike projections of ECM can sequester neurogenic growth factors, such 

as fibroblast growth factor 2 from the ventricular cerebrospinal fluid, and, as such, are 

believed to be key for the modulation of neurogenesis via ECM-growth factor interactions 

[89]. Moreover, fractones are suggested to have a key role on the sequestration and 

maintenance of NSCs within the niche, mediated by cell-cell interactions. This was 

supported by studies showing that the in vivo blockage of the laminin a6b1 receptor 

expressed by SVZ NSCs, favors the release of cells from the basal lamina and a 

subsequent increase in proliferation [115]. 

 

 
Figure 3. The adult ventricular and subventricular zone (V-SVZ). Three types of progenitor cells 

are found in close proximity to the ependymal cell layer and include a population of quiescent 
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NSCs/radial glia-like cells (type B cells) that can generate transit-amplifying cells (type C cells), 

which, in turn, will give rise to neuroblasts (type A cells). Endothelial cells and astrocytes, which 

function as support cells, as well as immature precursors can also be found within NSC niche. In 

addition to the cellular components, the SVZ includes several ECM components (yellow) called 

fractones, which include laminin, collagen IV, nidogen and proteoglycans. These contact with the 

different cell types composing the niche and are involved on the modulation of different cell functions. 

Adapted from [110], Copyright© 2016, Creative Commons License. 

Laminin is one of the most important and well described ECM proteins within the neurogenic 

niches [89, 95]. This is evidenced by its key role in the modulation of neuronal progenitors 

proliferation and survival [116, 117], neurodevelopment [70] (Table 1), hippocampal 

regeneration [103] and on the regulation of growth factors concentration [89]. The 

expression of multiple a, b and g laminin chains have been described in association with 

the ependymal cells [95], the blood vessels [95], supporting cells (e.g. astrocytes) [118], 

and proliferating transit-amplifying cells (type C cells), under homeostatic conditions, as well 

as with cells of the NSC lineage in the regenerative niche [95]. More specifically, laminin a1 

chain can be found on blood vessels but not on fractones of adult rat, mouse or human 

NSC niche [89]. Laminin-511, in turn, is the major neuronal laminin in adult mice 

hippocampus BM and was showed to be important for hippocampal regeneration [100]. The 

differential expression of laminin isoforms, influence their ability to mediate different 

functions within the NSC niches. For example, laminin isoforms comprising the a2 chain 

where shown to be required for oligodendrocyte maturation and CNS myelination in adult 

mice [96] under homeostasis conditions, while laminin-411 or -511 and laminin-111 or -211 

produced by endothelial cells and astrocytes, respectively, participate in the formation of 

the blood-brain barrier [85]. Mutations in laminin b2 (mice) [119], g1 (mice) [120] and g3 

(mice and human) [119, 121] chains, in turn, were showed to disturb processes like cortical 

histogenesis, as well as the formation of the pial BM. Nevertheless, the mechanism by 

which differentially expressed laminin isoforms modulate adult neurogenesis in not yet fully 

understood. In this regard, some studies suggest that rather than differences in ECM 

expression, changes in the expression of the major laminin receptors - integrins, 

dystroglycan and syndecans, seem to be responsible for the changes in ECM signaling that 

contribute to stem cell activation. Under normal conditions, although in adult mice NSCs 

and precursor cells reside in similar niches being exposed to similar ECM signals, NSCs, 

as result of the low expression of laminin receptors, have limited interaction with the laminin-

rich microenvironment, remaining relatively quiescent [95]. After stimulation and activation 

of NSCs (e.g. in the regenerative niche that is triggered in the aftermath of a lesion), an 

increase on laminin synthesis, as well as an upregulation on the expression of different 



CHAPTER III | Laminin-Inspired Cell-Instructive Microenvironments for Neural Tissue Engineering 
 

 45 

laminin receptors, including a6b1 integrin and syndecan-1 is observed [95], potentiating its 

interaction with the cellular and extracellular microenvironment. 

The interplay between the niche components and NSCs will determine the balance between 

stemness and differentiation, quiescence and proliferation. In this regard, a number of 

experimental approaches perturbing the niches either through the genetic or cytotoxic 

ablation of the precursor cells or using specific culture models to evaluate the effect of 

specific components of the niches, have been proposed to better understand how changes 

in the ECM receptor expression regulates NSC behavior (for a more comprehensive review 

see [122]). However, the effect of the matrix itself remains to be elucidated. Envisaging the 

development of three-dimensional (3D) matrices able to recapitulate the complex 

arrangement of cells and ECM in the nervous system, and dissect the different roles exerted 

by the ECM and its molecular components on NSC behavior, in the last few years, much 

attention has been devoted towards the development of engineered matrices able to mimic 

the in vivo characteristics of NSC niches, and ultimately develop more efficient 

neuroregenerative approaches. 

4. Laminin-inspired hydrogels to recreate the microenvironment of neurogenic 

niches 

As discussed in the previous section, laminin was found to have a key role in the modulation 

of NSC function and fate within neurogenic niches. More specifically, this ECM protein was 

showed to be crucial for the modulation of cell adhesion and viability [123] and neuronal 

outgrowth and migration [124-126]. Works published to date exploring the immobilization of 

full-length laminin (Table 2) or their peptide analogues (Table 3), into hydrogel matrices, to 

recreate the NSC niche microenvironment, are summarized in this section. The developed 

3D platforms were applied for the in vitro study of NSC biology and to assess their 

interactions with the surrounding microenvironment, as well as to evaluate the potential of 

the developed matrices to serve as vehicles for NSC transplantation in the context of 

neurological disorders. In addition to mimicking the ECM composition, replicating the 

mechanical and structural properties of the native niche is key for the modulation of different 

stem cell functions, including survival, proliferation and differentiation [127-129]. Indeed, 

studies using substrates with mechanical properties similar to that of native CNS (low 

compressive moduli – 0.1 – 1.0 kPa) have shown ability to support NSC function [130-135]. 

4.1. Hydrogels functionalized with full-length laminin 
The incorporation of a full-length protein onto hydrogels, and more specifically of laminin, 

has been widely explored for the development of biomimetic 3D matrices, to provide the 

gels with the bioactivity levels of the native protein. Indeed, several studies showed that the 
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modification of specific matrices with full-length laminin, in addition to render the 

microenvironment more permissive for NSC growth and differentiation, also contributed for 

an enhanced in vivo nervous regeneration [136-140]. Since the biological features of a 

protein result from its multiple bioactive domains and its conformation [141-143], the 

immobilization strategy explored will have a critical impact on the biofunctionality of the 

engineered hydrogels. Indeed, this is evident in some of the studies reported in Table 2, 

which point out that the immobilization approach significantly affects laminin function [144-

147]. Strategies explored to date, for full-length laminin immobilization have relied either on 

its transient non-covalent incorporation or physical entrapment, or alternatively, on its non-

selective covalent immobilization by taking advantage of functional groups present in 

multiple sites of the laminin structure, such as amines and thiols (Fig. 4). Despite widely 

used, these strategies lack the ability to control the conformation and orientation of bioactive 

molecules upon immobilization. As such, the exposure of key laminin bioactive domains, 

including those involved in laminin polymerization and on the modulation of NSC function 

and fate, can be compromised. 
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Figure 4. Strategies currently explored for laminin immobilization into 3D cell instructive 

microenvironments. Non-covalent incorporation or physical entrapment is used under the 

assumption the entrapped protein retains the overall properties of laminin matrices in vivo. Non-

selective covalent immobilization, in turn, takes advantage of functional groups (e.g. amines and 
thiols) present in multiple sites on the laminin structure. Both strategies lack the ability to control the 

orientation and conformation of laminin upon immobilization, which may compromise the exposure 

of key laminin bioactive epitopes. 
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Table 2. Hydrogels functionalized with full-length laminin 

3D Matrix composition 
Laminin immobilization 

strategy 
Cell type 

Biological outcome 

References Polymeric 
backbone 

[Laminin-111] In vitro In vivo 

Oxidized 

methylcellulose 
(OXMC) 

1.6 ng/mg 

OXMC 

Schiff base reaction between 

laminin primary amines and 
carbonyl groups on OXMC 

Primary rat 

cortical neurons 

Supported cell 

adhesion and viability 

but not neurite 
outgrowth 

- [148] 

Methylcellulose 

(MC) 
8.2 µg/mL MC 

Reaction between laminin 

primary amines and NHS 

esters on sulfo-SANPAH 

((sulfosuccinimidyl 6-(4’-azido-

2’-

nitrophenylamino)hexanoate)) 

and coupling of the 
photosensitive laminin 

conjugate to MC by exposure 

to ultraviolet (UV) light 

Mouse neural 

stem cells (NSC) 

Enhanced cell survival 

and neurite outgrowth; 

reduced apoptosis and 

provided an 

environment that 
fostered differentiation 

Cell transplantation 

into a murine traumatic 

brain injury model 

favored a moderate 

increase in functional 
recovery 

[144-147] 

Thiolated HA 

(HA-S) 
100 µg/mL 

HA-S 

Michael-type addition of 

laminin free thiol groups to 

vinyl groups on poly(ethylene 

glycol) divinyl sulfone 

(PEGDVS) prior to the 

crosslinking of  

HA-S by PEGDVS 

Mouse neural 

stem/progenitor 

cells (NSPC) 

Up-regulated the 

stromal cell-derived 

factor-1a (SDF-1a) 

receptor CXCR4 and 

provided the 

appropriate 

extracellular matrix 

Favored the retention 

and migration of 

transplanted cells in 

response to SDF-1a in 

an intact mouse brain 

model 

[138, 140] 
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(ECM) cues to 

promote cell 

chemotactic migration 

in response to SDF-1a 

HA-S + salmon 

fibrinogen+ 

salmon 

thrombin 

100 µg/mL 

HA-S 

Incorporation in the hydrogel 

precursor solution prior to the 

cleavage of fibrinogen by 

thrombin to induce the 

formation of an 

interpenetrating polymer 

network (IPN) hydrogel   

Human NSPC 

Supported cell 

proliferation and 
differentiation. 

Significantly reduced 

the cell-mediated 

degradation seen with 

fibrin alone. Supported 

vascularization as 

evidenced on hNSPCs 

- human endothelial 
colony-forming cell-

derived endothelial 

cells (hECFC-ECs) co-

culture studies 

- [139] 

Agarose 

0.120 – 0.162 

µg/mL agarose 

gradient 

Reaction between laminin-111 

primary amines groups and 

NHS esters on sulfo-SANPAH 

and coupling of the laminin-
111 photosensitive conjugate 

to agarose by exposure to UV 

light 

Dorsal root 

ganglia (DRG) 

Neurite extension was 

significantly higher in 

the anisotropic 
scaffolds compared to 

isotropic scaffolds 

- [136] 
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Acrylate (Ac)-

Poly(ethylene 

glycol) (PEG) -

N-

hydroxysuccini

mide (NHS) + 

PEG-diacrylate 

(DA) 

1 – 100 µg/mL 

PEG-DA 

Reaction between laminin 

primary amines and NHS 

groups on Ac-PEG-NHS (4 

NHS : 1 laminin) and coupling 

of the laminin conjugate to  

PEG-DA by exposure to UV 

light 

DRG 

Neurite outgrowth was 

significantly favored in 

the presence of 

increased 

concentrations of 

laminin 

- [137] 

PEG-DA Laminin physically entrapped 

Collagen I 
1 – 100 µg/mL 

collagen I 

Incorporation in collagen 
solution prior to the thermally-

induced hydrogel gelation 

DRG 

Increased 

concentrations of 
laminin reduced 

neurite growth without 

impacting the stiffness 

of the hydrogels 

- [149] 

Collagen I + HA 

1.5 mg/mL 

collagen I + 
HA 

Incorporation in hydrogel 

precursor solution prior 

thermally-induced hydrogel 
gelation 

Rat NPC 

Increase in 

oligodendrocyte 
differentiation 

NPCs transplantation 

within the three-

component hydrogel to 

a rat spinal cord injury 

(SCI) model promoted 
an increased 

functional recovery 

over 6 weeks 

[150] 
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Dibenzocyclooct

yne (DIBO)-

PEG 

50 ng/g DIBO-

PEG 

Reaction between laminin 

primary amines and NHS 

groups on azide-PEG-NHS 

and coupling of the laminin 

conjugate to DIBO-PEG by 

copper-free azide-alkyne 

reaction prior to the addition of   

the crosslinker (four arm PEG 
tetraazide)  

Rat NSPC 

Supported high cell 

viability and efficiently 

directed cell 

differentiation to 

neurons without the 

need for additional 

supplementation 

- [151] 
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Studies published to date, exploring full-length laminin immobilization, for the development 

of 3D matrices mimicking the NSC niche microenvironment, used laminin-111, as this 

isoform was already showed to successfully promote neuronal outgrowth and 

differentiation. Nevertheless, and considering the key role of other laminin isoforms (e.g. 

laminin-521) on the in vitro modulation of neural cell behavior including neuronal adhesion, 

viability and network formation [123, 152], future studies evaluating their impact on NSC 

behavior and function, after incorporation within 3D matrices, should be conducted. 

The endogenous process of cell replacement in the adult human CNS is far from being 

sufficient to repair the damaged caused after an injury. Therefore, and although in this 

section we highlight the studies exploring hydrogels functionalized with full-length laminin 

for NSC culture and transplantation, the potential of these hydrogels to allow infiltration of 

endogenous neural progenitors recruited to the injury site, and ultimately contribute to tissue 

repair was also evaluated [153]. More specifically, a laminin-functionalized hyaluronic acid 

(HA)-based hydrogel was showed to efficiently support endogenous cell infiltration and 

angiogenesis, while inhibited the formation of the glial scar and promoted neurite extension 

in a rat model of brain lesion. 

In addition to their application in the framework of nervous regeneration and tissue 

engineering, the incorporation of full-length laminin on 3D matrices has also been explored 

for application in different disease contexts, including skeletal muscle [154, 155], 

intervertebral disc [156, 157] and vascular regeneration [158, 159]. 

4.2. Hydrogels functionalized with laminin-derived peptides 
Laminin-derived small adhesive sequences have been increasingly explored, in alternative 

to full-length laminin, to confer bioactivity to 3D matrices. These small sequences have 

several advantageous features, including their ability to be chemically synthesized in large 

scale, the higher resistance to denaturation and enzymatic degradation, ability to be 

incorporated at higher densities for similar amounts of native protein and lower risk of induce 

immune rejection [160]. Different small peptide sequences derived from laminin, including 

YIGSR, IKVAV, RGD (cryptic domain in laminin a1 chain), RNIAEIIKDI, RKRLQVQSIRT, 

are known to mediate neuronal adhesion, neurite outgrowth and/or NSC migration, and, as 

such, have been widely explored for the design of biomimetic 3D matrices for cell culture 

and transplantation (Table 3).  
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Table 3. Hydrogels functionalized with laminin-derived peptides 

Sequence Origin 
Polymeric 
backbone 

Cell type 
Biological outcome 

References 
In vitro In vivo 

CCRRIKVAVWLC 

(Cyclic IKVAV) 

Mouse laminin 

a1 chain 

Poly(ethylene 

glycol) (PEG) 

Human neural 

stem/progenitor 

cells (NSPC) 

Supported cell 

adhesion, proliferation, 

migration and neuronal 

differentiation 

- [161] 

IKVAV 
 

Mouse laminin 

a1 chain 

Silk Fibroin 
Human neural 

stem cells (NSC) 

Increased cell viability, 

proliferation, neuronal 

differentiation and 

maturation, compared 

to unmodified hydrogels 

- [162] 

PEG 

Mouse neural 

progenitor cells 

(NPC) 

Long-term cell survival 

and proliferation 
- [163] 

PC12 

Supported cell 
adhesion, viability, 

outgrowth and neuronal 

differentiation 

- [164] 

Fibrin 
Dorsal root 

ganglia (DRG) 

Increased neurite 

outgrowth with 

increased concentration 

of covalently-bound 

peptide 

- [165] 
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Peptide 

amphiphile (PA) 

Mouse NPC 

Support cell viability, 

outgrowth and neuronal 

differentiation 

- [166] 

Rat NSC - 

Enhanced survival of 

cells transplanted 

within RADA16-

IKVAV hydrogels and 

higher tendency 

towards 
differentiation along 

the neuronal lineage 

[167] 

Mouse NPC 

IKVAV presentation 

enhanced the growth of 

neurites from 

cells with aligned PA 

nanofibers. After 2 

weeks of culture, the 
neurons displayed 

spontaneous electrical 

activity and ability to 

establish synaptic 

connections 

IKVAV modification 

of scaffolds in 

combination with PA 

nanofibers alignment 

promoted an oriented 
growth of cellular 

processes on cells 

transplanted to a rat 

SCI model 

[168] 

Agarose PC12 
Enhanced neurite 

outgrowth 
- [169] 
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YIGSR 
Mouse laminin 

b1 chain 

PEG 

Mouse NPC 

Promoted long-term cell 

survival and 

proliferation 

- [163] 

PC12 

Promoted cell viability 

and retention of the 

neuronal phenotype 

following cell release 

from the gels 

- [164] 

Fibrin DRGs 

Increased neurite 
outgrowth with 

increased 

concentrations of 

covalently-bound 

peptide 

- [165] 

Agarose DRGs 
Enhanced neurite 

outgrowth 
- [169] 

RGD 

Cryptic domain 

in laminin a1 

chain 

Fibrin DRGs 

Increased neurite 

outgrowth with 
increasing 

concentrations of 

covalently-bound 

peptide 

- [165, 170] 

RNIAEIIKDI 
Mouse laminin 

g1 chain 
Fibrin DRGs 

Increased neurite 

outgrowth with 

increasing 

concentrations of 

- [165] 
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covalently-bound 

peptide 

RKRLQVQLSIRT 

(AG73) 

LG4 module of 

mouse laminin 

a1 chain 

Alginate 

PC12 

Enhanced cell 

attachment and neurite 

outgrowth 

- 

[171] 

Collagen [172] 

Agarose [173] 

Fibrin Human NSC 
Efficiently promoted 

neurite outgrowth 
- [174] 

PPFLMLLKGSTR 

(G3P) 

LG3 domain of 

laminin a3 

chain 

Collagen Rat NSC 
Enhanced cell adhesion 

and survival 
- [175] 

LG3 / FNTPSIEKP 

(LP) 
 

Heterodimer 
consisting of 

the LG3 

domain of 

laminin a1 

chain (LG3) 
and the C-

terminal 

peptide from 

laminin g1 chain 

(LP)  

Collagen Rat NSC Promoted cell viability - [176] 
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Peptides IKVAV, found in laminin a1 chain [177] and YIGSR, found in laminin b1 chain [69, 

178, 179] bind to the 110 kDa [68] and 67 kDa [69] cell surface receptor, respectively, and 

are both recognized by the b1 integrin receptor subunit, which is highly expressed by neural 

stem/progenitor cells (NSPCs) [180, 181]. RNIAEIIKDI is a sequence present in mouse 

laminin g1 chain [182, 183] found to promote neurite outgrowth of DRGs [165]. The 

RKRLQVQSIRT sequence, also known as AG73 peptide, is derived from the LG4 module 

of mouse laminin a1 chain [184] and was showed to interact with syndecan-1 [185, 186] 

and -4 [187]. This peptide was already successfully used to modify different natural hydrogel 

matrices, including alginate, agarose, collagen and fibrin, with promising results in terms of 

the promotion of neurite outgrowth in PC12 cells [171-174, 188] and hNSCs [174]. The RGD 

domain sequence found in many ECM proteins, including fibronectin and laminin (as a 

cryptic domain in laminin a1 chain), was shown to interact with a5b1 and anb3 integrins 

[189]. Its incorporation into both natural and synthetic-derived matrices is effective in 

promoting NSC adhesion and neurite outgrowth [164, 168, 190-192]. 

Laminin-derived peptide fragments produced by recombinant DNA technology have also 

been explored for the development of 3D matrices. More specifically, a peptide derived from 

the LG3 domain of laminin a3 chain - G3P peptide (PPFLMLLKGSTR), which binds with 

strong affinity to a3b1 integrin [193], was recombinantly modified to include a collagen 

binding domain. The resultant recombinant peptide was further explored for the 

functionalization of a collagen-based hydrogel, which evidenced ability to efficiently support 

NSC adhesion and survival [175]. A different study, explored the incorporation of a 

recombinant heterodimer combining peptides derived from the LG3 domain of mouse 

laminin a1 chain and the C-terminal peptide from laminin g1 chain (LP) [176] on collagen 

hydrogels. Alternatively, a recombinant laminin fragment - E8 fragment, which is a truncated 

protein composed of the C-terminal region of the a, b and g chains, was explored [194]. 

Unlike the recombinant peptide fragments previously described, this truncated protein 

retains laminin integrin-binding activity, as evidenced by the ability of laminin-511-derived 

E8 fragment to strongly promote the adhesion and proliferation of human pluripotent stem 

cells, when compared to Matrigel and the full-length laminin isoform [195]. Accordingly, and 

envisaging the development of collagen matrices with laminin-like adhesive activity, the N-

terminal of individual chains (a, b and/or g) in the truncated protein was modified with a 

collagen-binding domain (CBD), to confer the E8 fragment collagen-binding activity. The 

developed matrices were shown to support the proliferation of human induced pluripotent 

stem cells (hiPSCs), both in 2D and 3D, though the morphology of cells grown in each 

condition was quite different [194]. 
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To better recapitulate the biological activity of laminin chains, in the last few years several 

studies have been exploring the additive or synergistic effect of the combined incorporation 

of different laminin cell adhesive peptides (e.g. IKVAV, YIGSR, RGD, AG73, RNIAEIIKDI). 

For example, a study exploring the modification of fibrin hydrogels with a combination, in 

equimolar ratios, of RGD, IKVAV, YIGSR and RNIAEIIKDI, showed that these peptides 

have a synergistic effect on neurite outgrowth when used to bridge a 4 mm gap in a rat 

dorsal root [165]. In a different study, the modification of dextran hydrogels with a mixture 

of equimolar concentration (1:1) of IKVAV and YIGSR, was showed to better support in vitro 

DRG adhesion and neurite outgrowth, when compared to RGD-modified hydrogels [196]. 

Despite the promising results obtained to date, the use of the “typical” equimolar 

concentration of each peptide has not always proven to be efficient, in terms of supporting 

cell survival and differentiation [197]. Therefore, an important factor one should consider 

when developing hydrogels incorporating different ECM-derived peptides, is the need to 

understand the effect of each individual factor, as well as the interacting factor effects for 

each system. With this in mind, and to make the process less time-consuming, Segura and 

co-workers proposed the use of multifactorial experiments. Here, candidate adhesion motifs 

and growth factors were systematically varied in vitro to determine the individual and 

combinatorial effects of each factor on cell activity, enabling the optimization of a system 

capable of supporting hNPCs (iPS-NPCs) survival, proliferation and differentiation [197, 

198]. The optimized hydrogel was further tested in vivo, in an animal model of stroke. 

Results evidenced the ability of the proposed matrix to support the survival of encapsulated 

hNPCs (iPS-NPCs) after transplantation into the stroke core, as well as to differentially tune 

transplanted cell fate through the promotion of glial, neuronal or immature/progenitor states 

[198]. 

5. Engineering laminin-inspired hydrogels: progress and future challenges 
As a consequence of the key role of laminin within neurogenic niches, the potential of 

several laminin-inspired hydrogels, exploring either the full-length laminin or its peptide 

analogues, in a neural regeneration context, have been explored in different works (Table 

2 and 3). Proof-of-principle of the suitability of these hydrogels in terms of ability to create 

a permissive microenvironment for cell growth and differentiation in vitro, as well as the in 

vivo biological performance of several of these matrices when explored for cell delivery, 

was highlighted in this chapter. The results obtained to date, strongly suggest that these 

hydrogels may serve as powerful artificial niches to modulate NSC fate and function for 

regenerative medicine applications. 

To pave the way for the translation of laminin-inspired hydrogels to a clinical setting, a 

number of requisites need to be fulfilled and a few key issues must be taken into 
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consideration. Different hydrogel factors known to impact stem cell fate, including 

biocompatibility, controlled biodegradability and non-immunogenicity, should be considered 

when designing cell-instructive microenvironments. Physical properties (e.g. mechanical 

and structural properties) should also be taken into consideration, as these are known to 

have an impact on cell behavior and function [127-129]. Therefore, the characterization of 

the developed hydrogels in terms of physical properties, should be carried out in a number 

of in vitro and in vivo set-ups, before considering clinical translation. The selection of the 

most appropriate system for a specific application, is one of the most important issues to 

take into consideration, as the selected building blocks should allow the ease modification 

with bioactive molecules (e.g. ECM proteins and/or peptides, growth factors or drugs), while 

assuring spatial and temporal control over their exposure. As described in the previous 

sections, a lot of progress has already been achieved in this regard, and specifically on the 

immobilization of full-length laminin and its peptide analogues. However, a major challenge 

one faces when developing hydrogels with tethered bioactive factors, such as proteins and 

peptides, is the selection of the most appropriate immobilization chemistry, as this should 

assure control over peptide/protein conformation and temporal availability. This was proven 

to have a significant impact on protein/peptide bioactivity and ultimately on their ability to 

modulate cellular behavior [141-143, 199]. Therefore, the development of strategies 

allowing a selective and controlled presentation of bioactive epitopes is highly desirable as 

these are expected to allow the mirroring of what is observed in the native ECM. 

Consequently, in recent years immobilization strategies have shift towards site-specific 

conjugation approaches, such as biorthogonal chemical reactions (click chemistry), 

enzymatic ligation or affinity binding, using either unnatural amino acids or engineered site-

selective amino acid sequences (for a more comprehensive review see [200]). These are 

expected to provide a higher retention of bioactivity by assuring a better control over 

biomolecules orientation and conformation.  

Despite the effort made in the last few years to improve the potential of laminin-inspired 

hydrogels, the search for a more accurate platform with application in in vitro studies and 

regenerative medicine is still a long way off. 
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Abstract 

The development of three-dimensional matrices capable of recapitulating the main features 

of native extracellular matrix and contribute for the establishment of a favorable 

microenvironment for cell behavior and fate is expected to circumvent some of the main 

limitations of cell-based therapies. In this context, self-assembly has emerged as a 

promising strategy to engineer cell-compatible hydrogels. A wide number of synthetically-

derived biopolymers, such as proteins, peptides and DNA/RNA, with intrinsic ability to self-

assemble into well-defined nanofibrous structures, are being explored. The resulting 

hydrogels, in addition to closely resembling the architecture of native cellular 

microenvironments, present a versatile and dynamic behavior that allows them to be 

designed to undergo sol-to-gel transition in response to exogenous stimulus. This review 

presents an overview on the state-of-the-art of the different strategies being explored for 

the development of injectable synthetic self-assembled hydrogels for cell transplantation 

and/or recruitment of endogenous cells, with an emphasis on their biological performance, 

both in vitro and in vivo. Systems based on peptides are the most widely explored and have 

already generated promising results in pre-clinical in vivo studies involving different 

repair/regenerative scenarios, including cartilage, bone, nerve and heart. On the other 

hand, systems based on DNA and hybrid hydrogels are now emerging for application in the 

biomedical field with high potential. Finally, the main challenges hampering the translation 

of these systems to the clinic and the issues that need to be addressed for these to progress 

from bench-to-bedside are discussed. 
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Cell transplantation in the context of regenerative medicine 
As our understanding of cell biology and ability to control cell behavior, both in vitro and in 

vivo, improves, cell-based therapies are growing in interest within the field of regenerative 

medicine [1]. Their effectiveness relies on the ability of transplanted cells to mediate a 

therapeutic effect that potentiates the repair/regeneration processes [2]. Nevertheless, 

before the effective translation of these therapies into the clinic, a number of issues still 

have to be solved, such as low cell survival, lack of control of cell fate and poor cell 

engraftment following transplantation [3, 4]. 

Within biological systems, cells reside in the extracellular matrix (ECM), a complex and 

highly dynamic microenvironment that provides structural, mechanical, and biochemical 

support to cells, ultimately determining their behavior, function and fate. In this sense, and 

to improve the efficacy of cell transplantation therapies, biomaterial-based matrices 

mimicking the ECM are being designed to be used as vehicles for cell delivery. The goal is 

to create a permissive niche for the transplanted cells, promoting cell survival, proliferation, 

differentiation, and integration within the host tissue. One of the major challenges one faces 

when designing a cell-compatible matrix is the recapitulation of the instructive cellular 

niches of natural tissues and the control of the bidirectional interaction between cells and 

the surrounding microenvironment. 

The design of such matrices must take into account a number of biological and physical 

criteria, as follows: 

(i) Biocompatibility. The developed matrix should be able of perform its 

function without causing any toxic or undesirable effects. 

(ii) Mechanical properties. The matrix mechanical properties should 

closely match those of the target tissue, since these will impact cell 

behavior and, consequently, determine the therapeutic efficacy of the 

transplanted cells. 

(iii) Permeability. The matrix should allow the continuous exchange of 

gases, ions, nutrients and metabolites with the surrounding 

microenvironment, which is vital for the survival and proliferation of 

transplanted/encapsulated cells. 

(iv) Degradation. Envisaging an application in the context of tissue 

repair/regeneration a degradable matrix is preferred in the majority of 

cases. It is paramount that the rate and mechanism of matrix 

degradation are adjusted to the process of tissue remodeling. 
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In the last few years, the incorporation of biochemical and biophysical ECM cues – cell 

adhesion, cell-triggered proteolytic degradation, mechanical stimulation and ECM/growth 

factor binding - into matrices of both synthetic and natural origin was explored to better 

mimic the native cellular microenvironment, with different degrees of development and 

success (consult references [5-7] for a comprehensive review on engineered matrices as 

ECM mimics). 

Hydrogels as attractive vehicles for cell transplantation 
Hydrogels are reticulated structures comprising cross-linked hydrophilic polymers with high 

water content (over 90% of water) [8]. A number of unique features make hydrogels highly 

promising matrices for cell transplantation and even for endogenous cell recruitment in the 

context of tissue repair/regeneration. These include a highly hydrated nature, good 

permeability and elasticity, resembling the nature of soft tissue microenvironments [5]. 

These properties will favor cell-cell and cell-matrix interactions, ultimately influencing cell 

behavior and fate. Moreover, the structural and mechanical properties of hydrogels can be 

easily tuned to mimic the tissue-specific ECM microenvironment, by varying the polymer 

molecular weight and/or its concentration, or by adjusting the cross-linking degree of the 

network [1]. This is crucial for the development of cell-compatible hydrogels, as cells also 

respond to biophysical properties of the microenvironment not specifically related to its 

molecular composition, but to the overall structural and mechanical characteristics of the 

matrix. 

Cells are particularly sensitive to mechanical stimuli, and small changes in matrix stiffness 

or rigidity can alter cell behavior in many aspects, such as morphology, migration, 

proliferation, differentiation and, in the case of stem cells, lineage specification and 

commitment [9, 10]. For instance, mesenchymal stem cells (MSCs) cultured on variably 

compliant poly(acrylamide) gels were found to undergo neurogenic differentiation on gels 

with elastic moduli (E) mimicking brain tissue (< 1 kPa), while on gels mimicking skeletal 

muscle (E = 11 kPa) and collagenous bone (E = 34 kPa) these cells differentiated along the 

myogenic and osteogenic lineages, respectively [10]. The mechanism by which cells 

convert mechanical signals into biochemical responses is termed mechanotransduction, a 

dynamic process orchestrated by the ECM, mechanosensitive molecules and cellular 

components (e.g. integrins, focal adhesions, stretch-activated ion channels, cadherins, 

cytoskeleton filaments, nuclei) [11]. Particularly important for matrix elasticity sensing are 

focal adhesions, multiprotein complexes formed upon integrin binding to ECM adhesion 

ligands, which link the ECM to the intracellular cytoskeleton. Focal adhesions act as 

mechanosensitive receptors, through which alterations in the conformation of ECM 

molecules caused by mechanical stimuli (e.g. tension/loading) are transmitted to 
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cytoskeleton proteins, leading to cytoskeletal (re)organization, contraction, and activation 

of mechanotransduction signaling pathways affecting cell morphology, migration, and gene 

expression profile. 

Hydrogels, rather than implanted, can be designed to be injected and create a three-

dimensional (3D) network in situ. This is highly advantageous when envisaging clinical 

translation as it (i) allows the homogenous encapsulation of cells and bioactive molecules; 

(ii) enables the use of minimally invasive procedures for implantation; and (iii) ensures the 

conformational filling of the injured site, which usually has an irregular shape, leaving no 

gaps between the matrix and the degenerated/damaged tissue. In situ forming hydrogels 

will thus favor a more close contact and, consequently, a more efficient integration of the 

matrix within the host tissue. Injectable hydrogels could be further designed to have 

thixotropic properties (becoming less viscous when subjected to an applied stress). This is 

achieved through the control of different variables (e.g. temperature, pH and ionic strength) 

that influence directly the in situ gelling process (for a more extensive review on strategies 

explored to design in situ forming hydrogels see [12, 13]). When the cross-linking occurs in 

the presence of cells, either mediated by (bio)chemical (e.g. enzymatically, Michael-type 

addition or photopolymerization) or physical (e.g. ionic interactions or self-assembly) 

processes [13], care must be taken so that the impact on cell viability is limited and minute. 

These properties have made hydrogels very attractive in the design of either acellular 

systems, specifically designed to allow the infiltration of endogenous cells, or cellular grafts 

to promote tissue remodeling and regeneration [14]. 

Naturally-derived polymers (e.g. collagen, fibrin or alginate) have been widely explored in 

the design of hydrogels due to their inherent biocompatibility and ability to mimic several 

features of native ECM. Nevertheless, their use is very often hindered by batch-to-batch 

variability, risk of immunogenicity and limited range of mechanical properties [15, 16]. 

Therefore, recent strategies have focused on the use of hydrogels derived from either purely 

synthetic polymers (e.g. poly(ethylene glycol) (PEG) and poly(vinyl alcohol)) or 

synthetically-derived biopolymers (e.g. proteins, peptides and DNA/RNA). Their synthetic 

nature, as well as their well-defined and versatile structure allows them to be engineered, 

through the incorporation of bioactive sequences (e.g. cell adhesive and protease 

sensitive), originating bioactive and bioresponsive hydrogels [16, 17]. In this context, 

synthetically-derived biopolymers are being more extensively explored, due to the several 

advantageous features of these materials, when compared with purely synthetic polymers. 

In contrast with the simpler and stochastic structure of purely synthetic polymers, 

synthetically-derived biopolymers can be engineered to attain a complex and reproducible 

structure. Moreover, by being synthesized using solid-phase synthesis or recombinant 
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technology (eventually combined with genetic engineering) [18], they present a 

monodisperse distribution of the molecular weights. Finally, their inherent ability to be 

cleaved by enzymes allows a more tight control over the kinetics of hydrogel degradation 

and, as a result, over the remodeling process. 

Self-assembled hydrogels 
An important feature to take into account when engineering matrices to serve as ECM 

mimics is the architecture of native ECM. Attaining 3D networks structurally mimicking the 

nanofibrous structure of the ECM is highly desirable. This is expected to favor the creation 

of an instructive microenvironment for cell anchorage and cell migration, ultimately leading 

to the implant, colonization and integration within the host tissue. In this sense, “top-down” 

approaches, such as electrospinning and phase separation, have been explored in the 

design of scaffolds for such purposes. However, with these techniques one has a limited 

control over the scaffold structure at the nanoscale level, as well as over the reproducibility 

of the process. In the last few years, molecular self-assembly has emerged as the most 

promising and attractive strategy in this context [19-21]. This is a natural and spontaneous 

“bottom-up” approach driving the association and organization of single molecules into 

supramolecular structures. Self-assembly results from the establishment of multiple non-

covalent intermolecular interactions (e.g. hydrogen bonding, electrostatic interactions, Van 

der Waals forces and aromatic π-stacking) [22, 23]. A wide number of biopolymers existing 

in nature (e.g. proteins, peptides, polysaccharides and DNA/RNA) present intrinsic ability 

to self-assemble into highly-ordered structural elements. As a result, their building blocks 

are being explored to develop synthetic self-assembled networks [18], leading to hydrogels 

with a nanofibrillar structure, closely resembling the architecture of native ECM. Moreover, 

the weak and transient nature of established interactions allows the design of hydrogels 

that undergo a sol-to-gel transition in response to exogenous stimulus (e.g. pH, temperature 

and ionic strength), which provides matrices with a “smart” and dynamic behavior [19, 24]. 

In the following sections, we present the state-of-the-art of synthetic self-assembled 

hydrogels, focusing on their application as matrices for cell transplantation in the context of 

regenerative medicine. 

Engineered protein-based hydrogels 
A number of naturally-occurring proteins (e.g. elastin, collagen and silk) have remarkable 

structural and biological properties that prompted their use in the design of self-assembled 

hydrogels [25]. In particular, the ones derived from constituents of the mammalian ECM 

proteins, like collagen, fibronectin or laminin, additionally present biological active peptide 

domains recognized by cell adhesion receptors and cell-secreted proteolytic enzymes. 
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These features have made protein-based hydrogels highly advantageous in the context of 

cell therapies [26]. However, the use of proteins derived from natural sources is very often 

hampered by low scalability, reproducibility, stability and price. In this sense, in the last few 

years, engineered proteins have arisen as a promising alternative for the design of self-

assembled hydrogels. The synthetic nature of these proteins allows the combination in one 

structure of key attributes of native ECM, including cell adhesion, growth factor and ECM 

binding domains, as well as sequences that confer to the final protein elasticity and 

proteolytic degradation. But while maintaining the main attractive biological features of 

naturally derived proteins, precise control over the primary amino acid sequence and 

molecular weight can be achieved, allowing the fine-tuning of the gelation process and of 

the hydrogel structural and mechanical properties. 

As the number of engineered proteins that can be used for the development of self-

assembled hydrogels [26, 27] is too large to be effectively covered by this review, only the 

engineered protein-based hydrogels that have shown the most promising results, both in 

vitro and in vivo, were addressed. These include hydrogels based on elastin- and silk-like 

polypeptides, as well as hydrogels based on de novo engineered proteins, such as leucine 

zipper coiled-coil-based polypeptides and amphiphilic block co-polypeptides. 

Elastin-like polypeptides 
Elastin is an ECM structural protein, essentially composed of β-sheet structures, that 

mediates important biological functions, such as cell-cell and ECM-cell interactions, 

providing tissues with unique physical characteristics in terms of tensile strength and 

elasticity [25]. A broad number of synthetic polypeptides have been designed inspired by 

this natural protein, among which elastin-like polypeptides (ELPs). These are genetically 

engineered sequences containing the pentapeptide repeat - (VPGXG)n - in which X can be 

any amino acid except proline [28]. ELPs are thermally-responsive and thus can undergo a 

reversible inverse phase transition in response to temperature changes (Fig. 1A) [25, 29]. 

At temperatures below a specific transition temperature (Tt), ELP molecules exist in a 

disordered and bulky conformation, while above the Tt they self-associate through the 

establishment of hydrophobic interactions, forming an insoluble and highly viscous 

coacervate (Fig. 1A). The Tt of an ELP is highly dependent on its composition, molecular 

weight and concentration, and thus can be easily tuned by changing any of these 

parameters [30, 31]. The thermal responsiveness of ELPs provides a natural trigger for self-

assemble that can be exploited for the development of injectable defect-filling hydrogels 

[32, 33] (for a more extensive review on ELPs stimulus responsive behavior see [34, 35]). 

These molecules have been shown to be biocompatible, biodegradable and non-

immunogenic, which makes them highly attractive for tissue engineering purposes [26]. 
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The self-assembly of ELP-based hydrogels can also be achieved by chemical cross-linking 

(Fig. 1A) [36]. For this purpose, ELPs are engineered to include lysine residues, enabling 

primary amine reactive cross-linking [37]. The mechanical properties of the formed 

hydrogels, as well as the rate of the gelation process, can be easily tuned by varying the 

number of lysine residues and the pH of the cross-linking reaction [38]. Chemical cross-

linking was found not to affect cell viability, as shown by studies using mouse fibroblasts 

[37, 39]. 

ELP-based hydrogels can be engineered to incorporate specific bioactive sequences, such 

as cell adhesive and/or proteolytic sensitive domains, to impart them with bioactivity. As an 

example, a chemically cross-linked biomimetic matrix comprising ELP structural domains 

modified with the RGD cell adhesion motif and a sequence sensitive to urokinase 

plasminogen activator (uPA) was designed for purposes of neural regeneration [40]. Apart 

from being able to support PC-12 neuronal-like cell line adhesion, proliferation and 

differentiation, the resulting hydrogel showed highly tunable degradation rates, depending 

on the degree of exposure to uPA [40]. Also, a chemically cross-linked ELP hydrogel 

designed with an RGD cell-adhesion motif have shown to be able of promote neurite 

outgrowth of encapsulated dorsal root ganglia (DRG) cells [41]. 

To improve the mechanical and biological properties of ELPs, a different class of genetically 

engineered materials - silk-elastin-like polypeptides (SELPs), was developed. These are 

composed by repeating units of silk (GAGAGS) and elastin (GVGXP) peptide sequences 

[25, 42-44]. Silk-like blocks provide chemical and thermal stability, due to their ability to form 

hydrogen-bonded β-sheets, while elastin-like blocks introduce flexibility and aqueous 

solubility to SELPs, by reducing their degree of crystallization [25]. The sequence and length 

of silk- and elastin-like blocks, as well as their ratio strongly influence the extent of the 

gelation process, as well as the biological and physicochemical properties of the developed 

hydrogels [42, 45]. 

Leucine zipper coiled-coil-based polypeptides 
Engineered protein-based hydrogels assembled through the leucine zipper coiled-coil 

domains have been widely explored in the context of tissue engineering. Leucine-zipper 

coiled-coil domain is an α-helical structural motif with a heptad repeat sequence (abcdefg)n, 

comprising hydrophobic (a and d), charged (e and g) and polar (b, c and f) residues that 

form an amphiphilic α-helical structure, through the establishment of hydrophobic and ionic 

interactions (Fig. 1B). The design rules guiding the formation of a coiled-coil structure were 

extensively reviewed by Mason and Arndt [46]. The formed structure reversibly self-

assembles into coiled-coils, whose physical association will favor the formation of an 
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engineered hydrogel network [47]. Based on the advantageous features of this self-

assembly module, a number of genetically engineered triblock copolymers were 

synthesized. These are composed by a random coil water-soluble segment (Ala-Gly-rich 

sequence), flanked by two short leucine zipper end motifs (each containing six heptad 

repeats) that drive the formation of the network through a reversible gelation process 

triggered by changes in pH and temperature (Fig. 1B) [47-49]. The formed physically cross-

linked hydrogels (Fig. 1B) display shear-thinning properties and rapid recovery after 

injection, allowing encapsulated cells to survive [49]. Moreover, the degradation rate of the 

developed hydrogels can be easily controlled by engineering the amino acid composition of 

the leucine zipper coiled-coil [50]. Due to their modular structure these hydrogels can be 

endowed with bioactivity through the incorporation, within the central domain of the triblock 

polypeptide, of cell-adhesion ligands and proteolytic-sensitive sequences. Indeed, when 

modified with the RGD-cell adhesion ligand, the developed matrices have shown to be able 

to support human foreskin fibroblasts and human umbilical vein endothelial cells (HUVECs) 

attachment, spreading and proliferation, as well as focal adhesion formation [51-53]. 

Amphiphilic block co-polypeptides 
A different approach that is being increasingly used in the development of protein-based 

self-assembled hydrogels explores amphiphilic block co-polypeptides composed by a 

repeating sequence of charged amino acids (Lysine (K) or Glutamate (E)), usually ranging 

from 80 to 380 residues in length, and another of hydrophobic residues (Leucine (L) or 

Valine (V)), comprising 10 to 40 residues in length (Fig. 1C) [54]. Such block co-

polypeptides usually present sequences like KxLy, KxVy or ExLy. Self-assembling occurs by 

a process not found in nature and that is dependent on physical interactions between 

hydrophobic α-helical domains (Fig. 1C) [54]. These domains associate into “twisted fibrillar 

tapes with helices packed perpendicular to the fibril axes” [54]. This arrangement 

contributes to the formation of a hydrogel with increased stability at high temperatures and 

with ability to rapidly recover after stress, as a result of the weak and reversible nature of 

the interactions mediating the self-assembly process [54, 55]. 

A number of self-assembled hydrogels based on di- [55, 56], tri- [57] and pentablock [58] 

copolymers, differing in the length and/or composition of the hydrophobic domain, have 

been proposed. The length of the hydrophobic domain significantly impacts the stability of 

the formed hydrogels, with shorter segments resulting in weaker hydrogels. 

Due to the similarity between the stiffness of some of these amphiphilic block co-

polypeptides and the brain tissue (~200 Pa), their influence on cellular behavior has been 

further assessed in this system [56]. 
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Mixing-induced two-component hydrogel 
The concept of protein-protein interaction between specific association domains was 

explored by Heilshorn´s group for the design of mixing-induced two-component hydrogels 

[59, 60]. The first component of such system comprises proline-rich peptides (PPxY) linked 

by hydrophilic spacers (Fig. 1D). The second is composed by engineered repeats of WW 

domain linked together by hydrophilic spacers containing the cell adhesion motif RGDS 

(Fig. 1D). The inclusion of such domain imparts flexibility and biofunctionality to component 

2. Upon mixing, under physiological conditions, the two components are physically cross-

linked leading to the formation of a self-assembled hydrogel. The strength of the resultant 

material can be tuned by changing the number of repeats per component and by adjusting 

the strength of protein-protein interactions mediating the self-assemble process [60]. 

As in this system, self-assembly occurs without the need of an external trigger like 

temperature, pH and ionic strength, physiological conditions are kept unaltered during the 

cross-linking process, which is highly advantageous when envisaging the use of such 

systems for cell transplantation [59]. Indeed, mixing-induced two-component hydrogels 

have shown to be able to support the growth and differentiation of PC12 neuronal-like cells, 

HUVECs, and primary murine neural stem cells (NSCs) [59], constituting highly promising 

injectable materials for cell transplantation. Moreover, these hydrogels present shear-

thinning properties, resulting from the weak nature of the established interactions [59]. 
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Figure 1. Engineered protein-based self-assembled hydrogels. A) Self-assembly of elastin-like 
polypeptide (ELP)-based hydrogels. Temperature triggered self-assembly occurs at temperatures 

above the Tt, leading to the formation of an insoluble and highly viscous coacervate. Adapted from 

[61]. Chemical cross-linking self-assembly is mediated by the reaction between the lysine-containing 

ELPs and the amine reactive cross-linker. Adapted from [62]. B) Self-assembly of leucine zipper 

coiled-coil domains. Representation of the heptad repeat sequence (abcdefg)n, as well as the 

interactions guiding the formation of leucine zipper coiled-coil domains. The physical association of 

the formed structures will favor the development of an engineered hydrogel network. Adapted from 

[47]. C) Self-assembled hydrogels based on amphiphilic block co-polypeptides composed by 
alternating charged and hydrophobic amino acids (KxLy). Self-assembly is mediated by the 

hydrophobic interactions between α-helical domains. Adapted from [56]. D) Schematic 

representation of mixing-induced two-component hydrogel. WW domains form a physically cross-

linked network with proline-rich peptide (PPxY) domains, under physiological conditions, being that 
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the strength of this interaction varies according to the specific WW domain used. WW domains are 

linked by hydrophilic spacers containing the RGDS cell-adhesion motif. Adapted from [59]. 

Peptide-based synthetic hydrogels 
Recently, hydrogels formed based on peptide self-assembly constitute one of the most 

actively investigated class of biomaterials in the context of tissue engineering. Peptide-

based molecules, unlike other biopolymers (e.g. proteins and DNA/RNA), can be obtained 

with high purity, reproducibility and good yields, crucial features when envisaging a clinical 

application. Depending on the nature of the molecular building blocks (natural and non-

natural amino acids), peptide sequences with acidic, basic, polar, non-polar or aromatic 

features can be developed [18, 63]. These features can influence, per se, different biological 

functions, including cell adhesion, proliferation and differentiation [18], thus circumventing 

the need of using more complex proteins. Nevertheless, the bioactivity and biofunctionality 

of the resulting systems can be further improved through the incorporation of specific cell 

adhesion domains (e.g. fibronectin- or collagen-derived RGDS [64-66], laminin-derived 

IKVAV [67], bone-marrow homing peptides (BMHP) -1 and -2 [66] and the osteogenic 

growth peptide ALK [68]), or proteolytic-sensitive sequences (e.g. matrix metalloproteinase 

(MMP)-2 [69] and -13 [70] specific cleavage sites)). 

The mechanisms behind the self-assembly processes mediating the formation of peptide-

based hydrogels was thoroughly reviewed by Zhang and co-workers [71, 72]. These 

hydrogels are usually engineered to self-assemble according to the design rules derived 

from natural proteins, by adopting basic secondary structural motifs, such as β-sheets, β-

hairpins or α-helices. However, a number of new approaches based on electrostatic, 

amphiphilic or aromatic interactions are being widely explored for the development of new 

self-assembled hydrogels. 

In the following sections, we present the state-of-the-art of the two main categories of 

peptide-based self-assembled hydrogels. 

Self-assembling peptides 
Self-assembling peptides based on naturally-derived amino acids have been proposed as 

promising structural elements for the development of novel hydrogels for tissue engineering 

applications [71]. Inspired by the yeast protein zuotin [73], Zhang’s group synthesized a 

number of ionic self-complementary peptides, including EAK16 [74, 75], RADA16 [76, 77], 

FEK16 [78] and KLD-12 [79]. These are composed by alternating charged hydrophilic and 

hydrophobic natural amino acids and have an intrinsic ability to self-assemble into highly 

ordered β-sheet nanofibrous scaffolds (Fig. 2A). The self-assembly process can be further 

accelerated by changes in pH or in salt solution concentration [74-76]. Ultimately, the non-
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covalent nature of the established interactions, in combination with the dependence on 

external stimulus (e.g. pH, temperature and ionic strength), allows the self-assembly 

process to be reversible and, as a result, the development of “smart” hydrogels [77]. The 

stimulus-responsiveness of the developed hydrogels allows a more tight control over the 

self-assembling process, which can be of interest for obtaining an in situ forming gel for 

cells and/or biomolecules delivery. These ionic self-complementary peptides have been 

successfully applied in a number of tissue engineering applications, namely as 3D matrices 

for in vitro cell culture [76, 79-82] and as vehicles for cell transplantation [80] and/or 

endogenous cell recruitment [83]. Peptides based on RADA16 self-assembling motif are 

the most frequently employed due to the ease with which it is synthesized and modified for 

specific applications. RADA16-based hydrogels are able of effectively support the 

differentiation of adult rat liver progenitor cells into functional hepatocyte-like spheroid 

clusters [81], PC-12 neuronal-like cell viability, neurite outgrowth and synapse formation 

[80], and hippocampal neuronal cell culture [82]. 

To afford peptide-based self-assembled hydrogels with additional biological activity, a 

number of specific bioactive sequences were incorporated. For instance, RADA16-based 

hydrogels incorporating cell adhesion motifs from collagen VI (RGDS), as well as BMHP- 1 

and -2, have been developed and their in vitro biological performance evaluated using 

mouse adult NSCs [66]. As compared with non-functionalized matrices, the bioactive 

hydrogels showed improved ability to support NSC survival, proliferation and differentiation. 

[66]. Similar hydrogels comprising bioactive sequences known to enhance osteoblast 

behavior, such as the osteogenic growth peptide ALK, osteopontin cell-adhesion motif 

(DGR) and 2-unit RGD motifs (PGR), were also designed, and shown to support mouse 

pre-osteoblastic MC3T3-E1 cells adhesion, proliferation and migration, as well as 

osteogenic differentiation [68]. 

β-sheet self-assembly was also explored in the development of triblock peptides, 

comprising an amphiphilic triblock peptide motif (Fig. 2B). The central B block comprises 

alternating hydrophilic (glutamine) and hydrophobic (leucine) residues ((QL)n=1-6 repeat), 

whose interactions lead to the formation of peptide dimmers [84]. These in turn, form β-

sheet hydrogen bonds with each other, which keep them aligned perpendicularly to the 

peptide backbone axis, allowing the formation of highly-ordered nanofibrous matrices (Fig. 

2B). On the other hand, the A block is composed by two to four positively charged lysine 

residues which, due to electrostatic repulsions, will affect the conditions required for peptide 

self-assembly at physiological conditions. Therefore, a balance of repulsive and attractive 

forces must be attained to control the self-assembly of triblock peptides into well-defined 

nanostructures and the properties of the resultant hydrogels [84]. The modular nature of 
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amphiphilic triblock peptides can be harnessed to favor a more tunable control over 

hydrogel mechanical properties. For instance, the careful selection of the amino acid 

residues composing A and B blocks significantly influences the gelation conditions, the 

length and diameter of the formed nanofibers, and the viscoelastic properties of the 

resultant hydrogel [85]. To improve the bioactivity of developed hydrogels, an MMP-2 

specific cleavage site and an RGD cell adhesion motif were incorporated in the central B 

block and in the A block, respectively [69]. The combination of these two bioactive motifs 

resulted in increased viability, spreading and migration of MSCs from human exfoliated 

deciduous teeth within the hydrogel when compared with the non-functionalized ones. 

An alternative design based on β-sheet motifs was developed, in which an amphiphilic β-

hairpin secondary structure was used as self-assembling motif [8, 86]. Here, peptide 

sequences fold in response to different external stimulus, including pH [87], temperature 

[88] and ionic strength [89]. The formed hydrogels present a controllable shear-thin recovery 

kinetic, due to the weak and transient nature of the interactions mediating the self-assemble 

process [90]. This allows the encapsulation and subsequent delivery of cells to the injured 

sites, by minimally invasive procedures. β-hairpin-based hydrogels were shown to be 

cytocompatible, being able to mediate the adhesion, migration and proliferation of NIH3T3 

murine fibroblasts (seeded on their surface), even in the absence of serum proteins or cell-

adhesive motifs [91]. Through the incorporation of sequences sensitive to MMP-13, the 

degradation of such hydrogels can be efficiently controlled [70]. 

Self-assembling peptide amphiphiles 
Peptide amphiphiles (PAs) are composed by a peptide sequence with a covalently linked 

chemical tail (e.g. short hydrophobic sequences or aromatic moieties) with intrinsic ability 

to self-assemble. These molecules can combine, thus, the structural features of amphiphilic 

molecules with the chemical functionality/bioactivity of small peptide sequences [92-94]. In 

the last decade, pioneering work of Stupp and co-workers resulted in the proposal of a 

broad range of PAs comprising a hydrophilic sequence covalently linked to an alkyl chain 

[94]. These molecules are typically composed by four distinct domains (Fig. 2C): (1) short 

hydrophobic tail responsible to drive the self-assembly process; (2) β-sheet peptide domain, 

which, through the formation of hydrogen bonds, promotes the cohesion of the formed 

nanofibers; (3) charged residues to confer water solubility; and (4) bioactive domain to 

mediate a specific biological response. Their self-assembly into long and stable nanofibers 

(Fig. 2C) is driven by the hydrophobic tail and occurs under specific pH, temperature or 

ionic strength conditions [95]. The resulting structures further undergo a sol-to-gel transition 

under physiological conditions in the presence of multivalent ions, which allows injection 

and in situ gel formation [64]. As result of the self-assembly process, the peptide sequence 
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will be orientated towards the aqueous environment. This, in combination with the versatility 

and modular nature of PAs, allows the easy incorporation of bioactive sequences at the 

extremity of the peptide domain (Fig. 2C) and the development of bioactive hydrogels. As 

an example, PAs functionalized with the IKVAV epitope from laminin, revealed higher ability 

to promote NSC adhesion, migration and differentiation into a neuronal phenotype, as well 

as neurite outgrowth, when compared to laminin-coated surfaces [67]. These promising 

outcomes were associated to the high density of IKVAV epitopes present on the nanofibers 

surface [67]. Therefore, both the epitope density and their presentation on the nanofiber 

surface were found to contribute to such a pronounced biological response. Also in the 

context of nerve regeneration, a hydrogel based on a PA engineered with a heparin sulfate 

mimetic and an IKVAV epitope was developed [96]. The two bioactive moieties have 

demonstrated a cooperative effect in the promotion of PC12 neuronal-like cells neurite 

outgrowth, even when in presence of inhibitory components, such as chondrotin sulfate 

proteoglycans [96]. For application in bone regenerative therapies, a hydrogel was 

engineered with BMP-receptor binding peptides, termed osteopromotive domains [97]. The 

developed hydrogels showed ability to promote cell survival and osteoblastic differentiation 

of human bone marrow stromal cells (BMSCs) [97]. 

Aromatic PAs comprising short (e.g. di- or tri-) peptide sequences capped, at the N-terminal, 

with a synthetic aromatic moiety have been also explored for the development of self-

assembled hydrogels. These PAs have the intrinsic ability to self-assemble and drive the 

formation of highly-ordered amphiphilic hydrogels, by a combination of hydrophobic and π-

π interactions [98]. A number of PAs comprising the fluoren-9-ylmethyloxycarbonyl (Fmoc) 

aromatic stacking ligand were developed [99-101]. The simplicity of the aromatic moieties 

(only 2-3 amino acids in length) allows the easy modification of the peptide sequence and 

a more tunable control over the structure and mechanical properties of the resultant 

hydrogels [99-101]. The structure of the self-assembled PAs, resembles in several aspects 

the native ECM, namely in their hydrated nature, nanofibrous architecture and rigidity 

(G’~10 kPa) [100-102]. To endow these hydrogels with bioactivity, a modular design 

strategy combining an Fmoc-RGD peptide with the Fmoc-diphenylalanine (Fmoc-FF) 

sequence was explored [65]. The developed hydrogels showed ability to support the 

adhesion, migration and proliferation of human adult dermal fibroblasts, in an integrin-

dependent manner. By changing the ratio in which the two components are mixed, a more 

tunable control over hydrogel mechanical and biological properties may be achieved. 

Alternatively, some authors explored the use of naphthalene (Nap), rather than the Fmoc 

moiety, as aromatic capping group to synthesize the Nap-FFGEY peptide. The tyrosine 

residue (Y) present in the resultant aromatic PA could be easily phosphorylated by the 
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action of a kinase, leading to the formation of a molecule with increased hydrophilicity, not 

capable of self-assemble and form a hydrogel. Interestingly, when injected in a mouse 

model it was observed that the phosphorylated PA was converted to a gel by the action of 

naturally occurring phosphatase enzymes [103, 104]. Therefore, injectable hydrogels based 

on these PAs can be developed by taking advantage of this enzymatic switch. 
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Figure 2. Peptide-based self-assembled hydrogels. A) β-sheet forming ionic self-complementary 
peptide – RADA16 (PuraMatrixTM). Self-assembly into highly porous β-sheet nanofibrous scaffolds 

occurs through the formation of hydrophobic and ionic interactions. Adapted from [105]. Electron 

microscopy image of RADA-16-based nanofibrous scaffold. Reproduced from [106], with permission 

from Elsevier. B) Amphiphilic triblock peptides. The hydrophobic central block (B) mediates the self-
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assembly process through the establishment of hydrophobic interactions between triblock peptides 

(resulting in peptide dimers), as well as hydrogen bonds among peptide dimers along the fiber axis. 

The hydrophilic A block is composed by charged lysine residues that will affect the conditions 

required for peptide self-assembly at physiologic conditions. Adapted from [84]. C) Chemical 

structure of a self-assembling peptide amphiphile (PA) comprising four key structural domains. 

Molecular representation of an IKVAV-PA molecule and it’s self-assembly into long and stable 

nanofibers. Reproduced from [67], with permission from American Association for the Advancement 
of Science. 

DNA-based hydrogels 
Despite the high costs associated at present with DNA synthesis, this molecule has several 

advantageous features that make it highly attractive for the development of self-assembled 

hydrogels [107]. These include its hydrophilic nature, inherent biocompatibility and ability to 

form stable and flexible secondary structures through specific Watson-Crick base-pairing 

(Fig. 3A) [107]. Moreover, DNA can be easily tailored either by varying the number and type 

of nucleic bases or through the incorporation of bioactive motifs, while retaining the ability 

to self-assemble into highly-ordered nanostructures [18, 107, 108]. Ultimately, one of the 

most important and unique properties of these molecules is the wide range of molecular 

biology tools available for their synthesis and modification [109]. In fact, no other molecule 

simultaneously meets all the aforementioned properties, making DNA a highly attractive 

and versatile material for the development of self-assembled hydrogels. The unique 

features, as well as the inherent ability of DNA to self-assemble allow it to be used as 

structural component of nanoscale materials, thus behaving per se as a biopolymer.  

To design complex and stable nanoscale structures based on DNA, Lu and co-workers, 

taking advantage of the Watson-Crick base-pair rules aforementioned (Fig. 3A), engineered 

branched DNA molecules with complementary sticky-ends. The self-assembly and the 

formation of a cross-linked hydrogel network occurs under physiological conditions and in 

the presence of a DNA ligase (Fig. 3B) [110]. Therefore, the developed matrices can be 

used to encapsulate live mammalian cells, without any deleterious effect on their viability 

[110]. To promote a more tunable control over the self-assembly process and over the 

structure of the resultant hydrogel, the adjustment of the concentration and type of branched 

DNA monomers [110], as well as the development of stimuli-responsive (e.g. pH [111], 

temperature [112] or enzymatic activity [112]) hydrogels, can be exploited. Indeed, a 

number of DNA-based hydrogels with responsive properties that self-assemble rapidly 

without the need of any chemical cross-linker were developed [111, 112]. The properties 

and applications of such hydrogels were comprehensively reviewed by Tan and co-workers 

[108]. More recently, DNA hydrogels formed by self-assembly of linear DNA molecules 
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comprising sticky ends have been developed (Fig. 3C) [113]. These hydrogels are 

thermoresponsive, allowing a more tight control over the self-assembling process, which 

can be of interest to obtain an in situ forming gel for cell and biomolecule delivery. To the 

best of our knowledge, the effect of such hydrogels on cell behavior has not been assessed 

yet. 

Despite the recent advances on the use of DNA as structural component for the 

development of self-assembled hydrogels, the weak nature of the designed matrices [114], 

as well as their poor stability against extra- and intra-cellular degradation, mainly mediated 

by nucleases [115], still constitutes some of the main obstacles to the application of DNA-

based hydrogels in the biomedical field. Therefore, in the last few years a number of 

chemical modifications to native DNA have been explored in an attempt to favor the 

formation of more stable and resistant hydrogels [115]. Also, to develop mechanically robust 

hydrogels, DNA are being explored as cross-linking agent, rather than biopolymer, to 

mediate the assembly of synthetic polymers, forming DNA-hybrid hydrogels [114, 116], 

which will be addressed in the following section. 

 

 
 
Figure 3. DNA-based self-assembled hydrogels. A) Two complementary single strands hybridize, 

based on Watson-Crick base pairing rules - adenine (A) with thymine (T) and guanine (G) with 

cytosine (C) – forming a double-stranded DNA molecule. B) Sticky-end self-assembly of branched 

DNA molecules mediated by DNA ligase. Adapted from [109]. C) Single-stranded DNA molecules 

hybridize into a monomeric double-stranded DNA building block, who’s self-assembly occurs through 

the interaction between complementary sticky-ends. Adapted from [113]. 
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Hybrid hydrogels 
Hybrid hydrogels combine the advantageous properties of biological (macro)molecules with 

the tunable and reproducible structural and mechanical features of synthetic polymers [117, 

118]. The combination of these two distinct classes of molecules, either through covalent 

or non-covalent interactions, can result in hydrogels with a higher level of structural 

organization and improved properties, when compared with their individual components. 

The biological components are usually molecules adopting basic conformational secondary 

structures (β-sheets or α-helices), such as peptides, proteins, or DNA/RNA. Their use 

allows the tunable control over the structural organization and properties of developed 

hydrogels [117, 118]. The synthetic segments contribute, normally, for the improvement of 

the mechanical performance of the network. Despite the wide variety of synthetic polymers 

that can be used in the design of hybrid hydrogels, PEG and poly(N-(2-

hydroxypropyl)methacrylamide) (pHPMA) are the ones usually selected, due to their 

hydrophilicity, biocompatibility and non-immunogenicity. Moreover, the incorporation of 

these polymers can contribute to increase the stability of the final network in time by 

delaying its (enzymatic) degradation, which may be highly advantageous when envisaging 

a clinical translation. 

The concept of using biopolymers to guide the self-assembly of synthetic polymeric 

matrices has been increasingly explored. Indeed, a number of hybrid block copolymers 

containing biologically-inspired proteins/peptides adopting β-sheet or coiled-coil structures, 

have been engineered for the development of self-assembled hybrid hydrogels (for a more 

extensive review see [118]). Despite their conjugation with a synthetic polymer, these 

coiled-coil and β-sheet forming biopolymers retain their ability to self-assemble and thus 

can be used to induce the formation of a highly-ordered nanofibrous network. One of the 

first and well-known examples of hybrid hydrogels formed based on this concept, explores 

a hybrid diblock copolymer comprising β-sheet forming peptide sequences, derived from 

the natural occurring β-amyloid protein, conjugated with a PEG polymer [119, 120]. Since 

then, a number of other β-sheet-forming proteins/peptides have been explored for the 

design of self-assembled hybrid hydrogels. As an example, block copolymers comprising 

ELPs ((VPGVG)4 and (VPAVG)4) conjugated with a PEG backbone were used. Here, the 

self-assembly is driven by a reversible temperature transition, culminating in the formation 

of an insoluble and supramolecular thermoresponsive coacervate [121, 122]. Further, 

hybrid hydrogels in which the synthetic polymer self-assembly is guided by the chemical 

cross-linking of elastin domains modified with lysine residues were also developed [123, 

124]. The resulting hydrogels present elastomeric and shear-thinning properties, allowing 

these to be injected and form a matrix in situ [123, 124]. Moreover, these hydrogels enable 
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a tunable control over the density of elastin cell adhesion domains, as well as of matrix 

stiffness, which is highly desirable to modulate cell behavior and when studying cell-matrix 

interactions. Indeed, ELP-PEG hybrid hydrogels have shown to be able of support 

fibroblasts growth, migration and proliferation [123, 124]. β-sheet forming peptides were 

also explored as component of hybrid graft copolymers. A pHPMA polymer grafted with 

complementary β-sheet peptides were developed and endowed with bioactivity through the 

coupling of RGD cell-adhesion domains to each complementary hybrid graft copolymer 

(Fig. 4A). These hydrogels have shown ability to support MC3T3-E1 cell viability and 

proliferation. 

The self-assembly properties of coiled-coil forming peptides were also explored to create 

hybrid hydrogels. Diblock copolymers of PEG and coiled-coil forming peptides that self-

assemble into a two-stranded α-helical coiled-coil conformation in aqueous solution, 

illustrate such strategy [125, 126]. It has been shown that the conjugation of coiled-coil 

domains with a synthetic polymer favors their thermal stability, resulting from the formation 

of a PEG hydrophilic shell around the coiled-coil structure [125, 126]. Further, genetically 

engineered coiled-coil forming peptides (CC1 and CC2), non-covalently grafted to a pHPMA 

synthetic backbone have been explored for the development of hybrid graft copolymers 

[127]. Here, the physical cross-linking and the consequent hybrid hydrogel formation were 

favored by a temperature-induced conformational change of coiled-coil peptides [127]. The 

temperature-responsiveness of these hydrogels allows the development of “smart” 

materials and a more tunable control over the material properties. Another design involving 

the pHPMA hydrophilic polymer and peptide grafts forming homodimers and higher 

aggregates were also described [128, 129]. In this case, a minimum of four heptad repeats 

was found to be needed to induce self-assembly and the formation of homodimers [128, 

129]. The number and concentration of the copolymer, as well as temperature proved to 

have a crucial role on the control of the gelation process [129]. Still, this design is very often 

limited by the possibility of dimer formation between grafted peptides attached to the same 

macromolecule. To avoid this and to guarantee the formation of a well-ordered 3D structure, 

a modified approach was proposed. In this new design, a pHPMA synthetic backbone was 

grafted with a pair of oppositely charged coiled-coil forming peptides (CCE and CCK) (Fig. 

4B) [130, 131]. The oppositely charged peptide grafts self-assemble into antiparallel 

heterodimeric motifs and induce the formation of a physically cross-linked hydrogel [130, 

131]. Here, a reversible self-assembly occurs when the graft copolymers, CCE-P and CCK-

P, are mixed equimolarly at neutral pH. 

A different approach for the design of hybrid hydrogels consists in using star-shaped 

macromolecules, such as 4-arm PEG, in combination with biological molecules, responsible 
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for mediating the self-assembly process. As an example, four-arm star-shaped PEG 

polymers functionalized with either thymine or adenine nucleotides were used to create 

injectable hydrogels, assembled by base pairing between the two complementary 

nucleotides (Fig. 4C) [56, 116]. These hydrogels were explored for soft tissue engineering 

applications, namely for the encapsulation of adipose-derived stem cells. The gelation time 

(and therefore cell entrapment time) was shown to be dependent on the type of nucleotides 

used, and the developed hydrogels found to support cell viability and growth [116]. 

 

 
Figure 4. Hybrid hydrogels. A) Hybrid hydrogels based on pHPMA-g-β-sheet-RGD complementary 

copolymers. The self-assembly of these copolymers is driven by the formation of hydrogen bonds 

among grafted β-sheet peptides. Adapted from [132]. B) Hybrid hydrogels comprising pHPMA 
hydrophilic polymer grafted with a pair of oppositely charged coiled-coil forming peptides (CCE and 

CCK). The self-assembly into highly-ordered hydrogels is mediated by antiparallel heterodimeric 

coiled-coil association. Adapted from [130]. C) Self-assembly of four-arm PEG copolymers by base 

pairing between the two complementary nucleotides (adenine and thymine). Adapted from [116]. 
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In vivo biological performance of synthetic self-assembled hydrogels 
The self-assembled hydrogels discussed so far in this review were designed envisaging 

their application as 3D scaffolds for cell transplantation. Proof-of principle of the suitability 

of these hydrogels in terms of ability to create a permissive microenvironment for cell growth 

and differentiation, in vitro, has been highlighted. However, several of these systems have 

already been evaluated in vivo. In this section, an overview of the in vivo biological 

performance of several of these hydrogels, when explored for cell delivery, is presented in 

Table 1, namely that of the most recent and promising bioactive self-assembled hydrogels 

designed for cell transplantation and/or endogenous cell recruitment, in the context of 

cartilage, bone, nerve and cardiac regeneration. 

 
Table 1. Main outcomes of in vivo biological performance of self-assembled hydrogels as 3D 

scaffolds for cell transplantation and/or endogenous cell recruitment. 

Application Hydrogel Cells In vivo model Main outcomes Ref. 

Cartilage 
rengeneration 

Chemical cross-

linked ELPs 
- 

Goat model of 

osteochondral 

defect 

Crosslinked ELPs were 

rapidly degraded (within 

3 months), allowing cell 

infiltration and 

endogenous matrix 
deposition 

[133] 

SELP - 

Rabbit model of 

osteochondral 

defect 

Allowed the infiltration 

and integration of 

endogenous stem cells, 

favoring matrix 

remodeling (evidenced 

by the production of type 

I collagen and 
proteoglycans) 

[134] 

KLD-12 MSCs 

Rat model of 

knee 

osteoarthritis 

Hydrogel remained for 6 

weeks after the injection. 

Promoted 

chondroprotection 

(contributed to 

prevent/reduce 

chondrocyte apoptosis 

and inflammation) 

[135] 
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Poly(L-lactide-co-ε-

caprolactone) 

scaffolds + mixture 
of KLD-12 and KLD-

12-collagen mimetic 

peptide (CMP7) 

BMSCs 
Subcutaneous 
implantation at 

mice dorsa 

Stimulated chondrogenic 

differentiation of BMSCs 
and deposition of 

chondral ECM (e.g. 

glycosaminoglycans) 

[136] 

Bone 
regeneration 

Demineralized bone 

matrix modified with 

RADA16 

MSCs 

Mouse model of 

femoral defect 

Favored the adhesion, 

proliferation and 

differentiation of 

transplanted MSCs, 

creating a permissive 
microenvironment for 

bone regeneration (high 

yield of osteogenic cells 

(MSCs) and growth 

factors, namely bone 

morphogenetic protein-6, 

platelet-derived growth 

factor-BB, vascular 
endothelial growth factor 

(VEGF) and fibroblast 

growth factor) 

[137] 

Goat model of 

femoral defect 

Bone regeneration/ 

remodeling was 

efficiently completed at 

16-weeks post injury 

[138] 

RGDS + 
Phosphoserine -PA 

- 
Rat model of 

femoral defect 

Increased bone 

formation was observed 
4 weeks after injury 

[139] 

Ti-6Al-4V 

macroporous 

structure filled with 

RGDS + 

phosphoserine-PA 

MC3T3-E1 
Rat model of 

femoral defect 

No significant cytotoxic 

effect to cells was 

observed. 

Promoted de novo bone 

formation in and around 

the implant and of 

angiogenesis, within 4 
weeks 

[140] 

Nerve 
regeneration 

K180L20 

Amphiphilic diblock 

co-polypeptide 

- Mouse forebrain 
No detectable toxicity or 

adverse tissue response. 
[56] 



CHAPTER IV | Biomimetic Synthetic Self-Assembled Hydrogels for Cell Transplantation 
 

 103 

Degraded and cleared 

over 8 weeks. 

Allowed gradual 
infiltration of endogenous 

endothelial and glial cells 

Heparin-RGD-4-arm 

PEG 
NSCs 

Rat brain 

parenchyma 

Promoted NSCs 

migration and neuronal 

differentiation, as well as 

axo-dendritic outgrowth. 

Good histocompatibility 

[141] 

K2(QL)6K2(QL)6 

Ionic self-

complementary 

peptide 

Neural 

progenitor 

cells (NPCs) 

Rat model of 

spinal cord 

injury (SCI) 

Supported survival and 

differentiation of 
transplanted NPCs, as 

well as their integration 

into the host tissue. 

Neuroprotective effect 

(reduction of 

inflammation and 

astrogliosis and 
preservation of motor 

neurons). 

Reduced of cystic cavity 

volume. 

Promoted of forelimb 

functional recovery 

[142, 143] 

RADA16 

Schawnn cells 

(SCs) and 

NPCs 

Rat model of 

SCI 

Supported survival, 

migration and 

differentiation of 
transplanted SCs and 

NPCs. 

Promoted axonal growth, 

angiogenesis, as well as 

robust migration of 

endogenous cells. 

[144] 

RADA16 - 
Hamster model 
of an optic tract 

lesion 

Created a permissive 

environment for axonal 
regeneration and 

reconnection to target 

tissues. 

[145] 
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Functional return of 

vision 

IKVAV-RADA16 NSCs 
Rat model of 

brain injury 

Improved survival, 
proliferation, migration 

and neuronal 

differentiation of NSCs. 

Promoted brain tissue 

regeneration after 6-

weeks post-

transplantation 

[146] 

IKVAV-PA - 
Mouse model of 

SCI 

Hindered glial scar 

formation. 
Promoted regeneration 

of motor and sensory 

axons. Improved 

functional recovery 

[147, 148] 

YIGSR-PA - 

Rabbit corneal 

stromal pocket 

model 

Induced keratocyte 

migration, stromal 

regeneration, and 

collagen I synthesis 

[149] 

PLGA tube filled with 

aligned RGDS-PA 
SCs 

Rat model of 

sciatic nerve 

defect 

Promoted the alignment, 
proliferation and 

migration of transplanted 

SCs, as well as axon 

alignment. 

Significant recovery of 

motor and sensory 

function 

[150] 

Cardiac 
regeneration 

Mixing-induced two-

component 

hydrogels – 8-arm 

PEG 

Human 
induced 

pluripotent 

stem cell-

derived 

endothelial 

cells (hiPSC-

ECs)) 

Mouse model of 

hindlimb 

ischemia 

Supported hiPSC-EC 

survival and proliferation. 

Reduced necrosis and 

inflammation with 

improved muscle tissue 

regeneration 

[151] 

RADA16 

Stem cells 
antigen-1 

(Sca-1) 

positive 

Mouse model of 
myocardial 

infarction 

Supported the 
differentiation of Sca-1 

positive cardiac 

progenitors into 

[152] 
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cardiac 

progenitors 

cardiomyocytes and 

vascular smooth muscle 

cells. 
Inhibited apoptosis, 

promoted angiogenesis 

and myocardial 

regeneration. 

Restoration of cardiac 

function 

Poly(caprolactone 
methacryloyloxyethyl 

ester) (PCLMA) 

matrix filled with 

RADA16 

Subcutaneous 
adipose 

tissue-derived 

progenitor 

cells (Sub-

ATDPCs) 

Mouse model of 

myocardial 

infarction 

Creation of a permissive 

microenvironment for 
sub-ATDPC survival, 

proliferation and 

differentiation along the 

cardiac lineage. 

Promoted angiogenesis 

[153] 

RADA16 + -

Substance P - 

RADA16 

- 

Mice model of 

hind limb 

ischemia 

Hydrogels remained until 

28 days in the injected 

sites. 
Promoted the 

recruitment of 

endogenous MSCs. 

Prevented cardiac 

fibrosis and induced 

angiogenesis 

[154] 

VEGF-mimetic 

peptide-PA 
- 

Mouse model of 

hind-limb 
ischemia 

Significant functional 

recovery linked to the 

pro-angiogenic behavior 
of VEGF-mimetic peptide 

[155] 
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Translation of synthetic self-assembled hydrogels into the clinic: progress and 
future challenges 
As discussed in the previous section, the potential of several synthetic self-assembled 

hydrogels for use in cell transplantation and/or endogenous cell recruitment has been 

already demonstrated in a number of pre-clinical in vivo studies involving different 

repair/regenerative scenarios (Table 1). Although the promising results have fueled the 

interest of the research community and manufacturers into the use of these materials, just 

now these begin to enter clinical testing. To the best of our knowledge, only one product 

based on self-assembled hydrogels is presently on the market - NuCoreTM Injectable 

Nucleus developed by Spine Wave (Shelton, CT) [156]. This system consists of a 

recombinant protein copolymer comprising blocks derived from silk and elastin structural 

proteins and it was already evaluated in a pilot clinical trial to assess product safety for 

potential application in the repair and regeneration of invertebral disc [157]. The trial did not 

involve the transplantation of cells. No complications or adverse effects to the patient have 

been reported. Moreover, the system seems to slow the degenerative process over time. 

Despite the promising results obtained in this pilot study, further investigation on product 

safety and efficacy need to be performed prior its clinical use. 

While trying to bring synthetic self-assembled hydrogels from bench-to-bedside, a number 

of requisites need to be fulfilled and few key issues must be taken into consideration. A 

wide number of self-assembled systems (proteins, peptides, DNA, synthetic polymers or 

hybrid structures) have been proposed for the design of cell-compatible hydrogels. 

Therefore, one of the most important issues to be addressed upon the development of these 

products and that most possibly significantly contributes to delay their translation, is the 

selection of the most suitable system for each particular application. The chosen building 

blocks should be biocompatible, biodegradable and able to mimic the cellular 

microenvironment of the surrounding tissues, as discussed in previous sections. The 

characterization of the proposed systems in terms of degradation rate and degradation by-

products, as well as of biofunctionality (including inflammatory response) should be carried 

out in a number of in vitro and in vivo set-ups, before considering clinical translation. 

Scalability is also an important issue to take into account, since some building blocks, such 

as proteins and DNA, are difficult to obtain in large scale and in good yields, what has put 

a strain in costs. Nevertheless, the efforts made in the last few years towards the efficient 

chemical synthesis of such systems will possibly contribute to enhance their feasibility for 

biomedical applications. Also, production-related issues, such as purification and 

sterilization will be paramount to define if these will reach the market. 
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A challenge while developing injectable in situ forming hydrogels is to gain control over the 

3D architecture of the hydrogel fibrillar network. The building blocks of synthetic self-

assembled hydrogels typically assemble into randomly oriented networks, and the 

nanofibrillar structures formed in several peptide hydrogels are also randomly oriented. To 

better mimic the natural anisotropic structure and functional features of the ECM, control 

over fibrillar orientation both at the nano- and the micro-scale should be achieved. This is 

particularly important in hydrogels envisaged for application in highly organized tissues (e.g. 

nerve and bone), in which the structural and mechanical properties of the ECM fulfill 

important biomechanical properties and regulate cell behavior. For instance, longitudinally-

oriented aligned structures have been shown to induce directional axonal re-growth and 

alignment of transplanted cells, by providing contact guidance, which can be of most 

importance in therapies for the treatment of spinal cord and peripheral nerve injuries [158]. 

Attempts to develop in situ forming hydrogels of aligned self-assembled PA nanofibers were 

made. This was achieved by exposing isotropic PA solutions to elevated temperatures, 

under which plaque-like structures are formed, which break apart into aligned bundles of 

multiple PA nanofibers upon cooling [159]. Upon pipetting the resultant liquid crystalline 

solution into CaCl2-containing physiological buffer, string-like gels containing aligned 

nanofibers are formed. When modified with IKVAV or RGDS epitopes, aligned PA hydrogels 

containing neurons or neural progenitor cells (added to the CaCl2 solution prior hydrogel 

formation), were able to guide neurite extension from neurons along the direction of the 

nanofibers in vitro, and to promote the growth of oriented processes from transplanted 

neural progenitor cells within the spinal cord, in vivo [160]. Control over the architecture of 

in situ forming hydrogels is therefore worthy to explore, and likely to be most rewarding. 

The complexity and highly dynamic nature of biological systems constitutes another major 

challenge in the design and application of cell-compatible hydrogels. Hydrogels should be 

engineered not only to serve as vehicles for cell and/or biomolecule delivery, but also to 

guide cell behavior and fate. Therefore, hydrogels able to change their biological and/or 

physical properties along the different stages of cell engraftment and tissue regeneration 

are much awaited. In this context, the exploration of molecular self-assembly constitutes a 

highly promising strategy, once by being mediated by multiple weak and transitory 

interactions the supramolecular hydrogel structure can be easily reconfigured. 

Another advantage of these synthetic hydrogels is that they can be combined with a number 

of bioactive molecules, including ECM proteins, growth factors or drugs that can additionally 

or synergistically modulate cell behavior and fate. Unsolved is the spatial and temporal 

control over the availability of these cues. These would allow the mirroring of those 
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observed in the native ECM in the context of repair/regenerative processes in which 

gradients of biochemical and physical cues are key players of the process. 

In conclusion, the development of biomimetic synthetic self-assembled hydrogels is rapidly 

progressing, supported in part by technology advances in the field of recombinant proteins, 

solid-phase synthesis and polymer chemistry. In particular, with hybrid hydrogels one can 

combine the advantageous properties of biological (macro)molecules with the tunable and 

reproducible structural and mechanical features of synthetic polymers, conferring superior 

properties to the resulting systems. However, when envisaging the use of such hydrogels 

for cellular therapies, mimicking the complexity and functionality of the natural ECM without 

compromising important features for application in a clinical setting, like injectability, still 

remains a major challenge. 
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Abstract 

Laminin immobilization into diverse biological and synthetic matrices has been explored to 

replicate the microenvironment of stem cell niches and gain insight into the role of 

extracellular matrix (ECM) on stem cell behavior. However, the site-specific immobilization 

of this heterotrimeric glycoprotein and, consequently, control over its orientation and 

bioactivity has been a challenge that has limited many of the explored strategies to date. In 

this work, we establish an affinity-based approach that takes advantage of the native high 

affinity interaction between laminin and the human N-terminal agrin (hNtA) domain. This 

interaction is expected to promote the site-selective immobilization of laminin to a specific 

substrate, while preserving the exposure of its key bioactive epitopes. Recombinant hNtA 

(rhNtA) domain was produced with high purity (>90%) and successfully conjugated at its N-

terminal with a thiol-terminated poly(ethylene glycol) (PEG) without affecting its affinity to 

laminin. Self-assembled monolayers (SAMs) of mono-PEGylated rhNtA on gold (mPEG 

rhNtA-SAMs) were then prepared to evaluate the effectiveness of this strategy. The site-

specific immobilization of laminin onto mPEG rhNtA-SAMs was shown to better preserve 

protein bioactivity in comparison to laminin immobilized on SAMs of thiol-PEG-succinimidyl 

glutaramide (SH-PEG-SGA), used for the non-selective covalent immobilization of laminin, 

as evidenced by its enhanced ability to efficiently self-polymerize and mediate cell adhesion 

and spreading of human neural stem cells. These results highlight the potential of this novel 

strategy to be used as an alternative to the conventional immobilization approaches in a 

wide range of applications, including engineered coatings for neuroelectrodes and two-

dimensional (2D) substrates for cell culture, as well as biofunctionalization of three-

dimensional (3D) matrices. 
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1. Introduction 

In the framework of regenerative medicine and tissue engineering, much attention has been 

devoted towards the development of engineered matrices incorporating bioadhesive cues 

present in stem cell niches, to recapitulate the dynamic nature and biological complexity of 

these microenvironments, as well as gain more insight into the function of specific 

extracellular matrix (ECM) components on stem cell behavior. The ECM is an essential 

component of the stem cell niche, as it modulates important biological functions including 

proliferation, self-renewal and differentiation of stem cells. Among major ECM constituents, 

laminins play crucial and essential roles in many aspects of tissue physiology and function 

[1-5]. These heterotrimeric glycoproteins comprise several bioactive domains involved in 

the modulation of different biological functions. The latter include the interaction with other 

ECM proteins (e.g. nidogen, netrin 4 and collagen VII) mediated by the laminin short arms 

(N-terminus), which contributes to the assembly and stability of basement membranes. 

These domains are also responsible for the laminin ability to polymerize [6-8], even in the 

absence of other basement membrane components, forming the molecular network that will 

be in contact with the cellular surface. In addition to its structural role, laminin comprises 

multiple bioactive domains that interact with cell surface receptors (e.g. integrins, 

dystroglycans, and syndecans), modulating different cell functions including cell adhesion, 

proliferation, migration and differentiation, as well as ECM deposition [9-11]. 

Laminin has been incorporated into both two-dimensional (2D) [12] and three-dimensional 

(3D) [13-20] cell-instructive microenvironments for applications in regenerative therapies or 

to get insights into the role of laminin on the modulation of cell behavior. Strategies explored 

for laminin immobilization have relied either on its non-specific adsorption or entrapment or, 

alternatively, on its non-specific covalent immobilization to different substrates through the 

use of functional groups present in multiple sites of the laminin structure such as amines 

[13-17] and thiols [18, 20]. One of the main caveats presented by these strategies is the 

inability to control orientation and conformation of laminin upon immobilization, which were 

proven to be crucial for the modulation of cellular behavior [21-23]. As such, the exposure 

of key laminin bioactive epitopes can be compromised. In an attempt to assure the control 

over the tethering of laminin, in recent years protein immobilization strategies have shifted 

toward site-specific conjugation, with special focus on biorthogonal chemical reactions (click 

chemistry), enzymatic ligation and affinity binding, using either unnatural amino acids or 

engineered site-selective amino acid sequences [24-26]. These strategies are expected to 

provide a higher retention of bioactivity, by favoring the access to the active sites of 

immobilized proteins. To the best of our knowledge, to date, only one study reported the 

site-selective immobilization of laminin [27]. To control the presentation of full-length ECM 
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proteins without altering their bioactivity, Lee and co-workers explored click chemistry to 

anchor collagen, fibronectin and laminin onto polyacrylamide gels by their N-terminus [27]. 

Nevertheless, despite guaranteeing the site-selective immobilization of the proteins, as 

result of the use of laminin N-terminus, this approach compromises one of laminin’s 

hallmark features, which is its ability to polymerize. Affinity-binding has been increasingly 

explored for the site-specific and reversible conjugation of proteins and peptides, because 

of its versatility and ability to generate dynamic biomimetic systems. However, the 

successful implementation of this strategy is strongly dependent on the appropriate 

selection of the binding pairs. Binding systems using high affinity interactions, such as 

streptavidin and biotin, although often used, require the protein of interest to be either 

recombinantly or chemically modified [28, 29]. In contrast, the use of natural binding 

partners constitutes an attractive alternative, as strong non-covalent interactions can be 

achieved without the need for protein modification [30, 31]. 

In this study, we examined an alternative strategy that explores the well described native 

high affinity interaction (dissociation constant (KD) = 5 nM) between laminin and the N-

terminal agrin (NtA) domain [32, 33]. The agrin-binding site in laminin is localized in the 

central region of its coiled-coil domain and maps to a sequence of 20 conserved residues 

within the g1 chain [33, 34]. Interestingly, this interaction requires a coiled-coil conformation 

of the agrin-binding site [34]. To assess the ability of this affinity-based approach to 

immobilize laminin with retention of bioactivity, recombinant human NtA (rhNtA) domain was 

successfully produced and further conjugated at its N-terminus with a thiol-terminated 

poly(ethylene glycol) (PEG) to enable the preparation of self-assembled monolayers 

(SAMs) of NtA on gold. To the best of our knowledge, this is the first report on the production 

and characterization of the human variant of NtA domain. In order to study the specific 

interactions between the immobilized laminin and cells, SAMs were herein used as proof-

of-concept platforms, since they can be easily produced and specifically tailored to provide 

a chemically well-defined molecular monolayer [35]. The binding ligand was characterized 

and its ability to mediate laminin immobilization through a high affinity interaction was shown 

by solid-binding assay, surface plasmon resonance (SPR) and quartz crystal microbalance 

with dissipation monitoring (QCM-D). The bioactivity of mono-PEGylated rhNtA-immobilized 

laminin was subsequently investigated by evaluating its ability to self-polymerize and 

modulate the behavior of human neural stem cells (hNSCs). hNSCs were herein used due 

to the well described role of laminin on the modulation of neural cell behavior [36]. This 

strategy represents a promising and versatile approach for the site-selective immobilization 

of laminin, while preserving its bioactivity, and can be potentially useful for the development 

of cell instructive microenvironments for tissue engineering and regenerative medicine.  
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2. Materials and Methods  

2.1. Recombinant human N-terminal agrin (rhNtA) domain expression and 

purification 

The NtA domain, comprising residues Thr 30 – Pro 157 of the human agrin protein (Uniprot 

reference O00468), was expressed in Escherichia coli (E. coli) strain BL21(DE3) using the 

pCoofy2 expression vector [37] (gift from Sabine Suppmann – Addgene plasmid # 43981). 

pCoofy2 is a derivative of pETM22 vector that contains a thioredoxin-poly-His6 (6x Histidine 

residues) (Trx-His6) N-terminal tag followed by an HRV 3C recognition site located 

downstream of the N-terminal tag [37]. Details on cloning of human NtA gene and 

expression vector are presented in Supplementary Materials and Methods. The fusion 

protein (Trx-His6-hNtA) was expressed by induction of log-phase cultures with 0.2 mM of 

isopropyl b-D-1-thiogalactopyranoside (IPTG; Sigma-Aldrich) at 20 ºC for 5 h and purified 

by immobilized metal affinity chromatography using an HisTrap column (GE Healthcare), 

according to manufacturer’s instructions. A concentration gradient of 0 to 500 mM of 

imidazole was applied to elute the fusion protein. The N-terminal Trx-His6 tag was then 

cleaved during dialysis using HRV 3C protease (kindly provided by Biochemical and 

Biophysical Technologies (B2Tech) Platform of i3S) in a protease:target protein ratio 

(unit/µg) of 1:10. Untagged recombinant human NtA (rhNtA) contains additional Gly and 

Pro residues at its N-terminus (Fig. S1). rhNtA was dialyzed against 10 mM phosphate 

buffered saline (PBS) pH 7.4, concentrated in a 10 kDa molecular weight cut-off (MWCO) 

ultrafiltration membrane (GE Healthcare) and stored at -80 ºC until further use. Final domain 

concentration was estimated by measuring the absorbance at 280 nm. The purity of the 

rhNtA domain was assessed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS-PAGE) analysis and Western blotting using the anti-agrin antibody - rabbit polyclonal 

agrin antibody (1:5000; Abcam, ab85174). The rhNtA molecular weight was determined by 

mass spectrometry, as described in section 2.7. 

2.2. Solid-phase binding assay 

Binding of rhNtA to immobilized laminin was assessed performing an enzyme-linked binding 

assay (ELISA). 96-well microtiter ELISA plates (BD Falcon) were coated with poly(D-lysine) 

(PDL; 20 μg/mL; Sigma-Aldrich) and then incubated with laminin-111 from mouse 

Engelbreth-Holm-Swarm sarcoma (msLn-111;10 µg/mL; Sigma-Aldrich) in 50 mM sodium 

bicarbonate buffer pH 9.6 (overnight, 4 ºC). After blocking with 2.5% (w/v) bovine serum 

albumin (BSA; Biowest; 1.5 h, room temperature (RT)), wells were incubated with 2-fold 

serial dilutions of rhNtA (0.1 – 100 nM; 2 h, 37 ºC). Plates were then washed with 

PBS/0.05% (v/v) Tween® 20 and incubated with rabbit polyclonal agrin antibody (1:5000; 2 
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h, RT). A goat anti-rabbit IgG (H+L) coupled to horseradish peroxidase (HRP) (1:2000; Life 

Technologies, A16023) was used as secondary antibody, and color was developed using 

3,3’,5,5’ tetramethyl benzidine (TMB) as substrate (Biolegend; 30 min, RT). The reaction 

was stopped with 2 M H2SO4 and the absorbance measured at 450 nm (BioTek® SynergyTM 

Mx). The dissociation constant (KD) value of rhNtA to msLn-111 was estimated by non-

linear regression analysis using GraphPad Prism 6 software (San Diego). 

2.3. Surface plasmon resonance (SPR) 

Real-time interactions between rhNtA and immobilized laminin were detected by SPR at 25 

ºC using a BIACORE X100 (GE Healthcare). Laminin was immobilized on a CM5 sensor 

chip (GE Healthcare) using amine-coupling chemistry. Briefly, the flow cells surface was 

activated with a 1:1 mixture of 0.1 M N-hydroxysuccinimide (NHS; Sigma-Aldrich) and 0.4 

M 3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide (EDC; Sigma-Aldrich) at a flow rate of 

10 µL/min. msLn-111 or recombinant human laminin-521 (rhLn-521; Biolamina) (50 µg/mL 

in 10 mM sodium acetate pH 3.5) were immobilized at a density of 4000 resonance units. 

The reactive groups in excess were then deactivated with 1 M ethanolamine-HCl pH 8.5 

(Sigma-Aldrich). For binding measurements, 5-fold serial dilutions of rhNtA (500 – 0.8 nM) 

were prepared in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; pH 

7.4, containing 150 mM sodium chloride (NaCl; VWR), 3 mM Ethylenediamine tetra-acetic 

acid (Sigma-Aldrich) and 0.005% (v/v) surfactant P20 (GE Healthcare)) and flowed at 30 

µL/min onto the flow cells. Proteins were allowed to associate and dissociate for 120 and 

1600 s, respectively. Experimental results were fitted with Langmuir 1:1 binding kinetics 

within Biacore X100 Evaluation software version 2.0.1 (GE Healthcare). 

2.4. Culture of H9 – Derived Human Neural Stem Cells 

 Human neural stem cells (hNSCs) derived from the National Institutes of Health (NIH) 

approved H9 (WA09) human embryonic stem cells were purchased from Life Technologies 

(N7800-200). Cells were expanded according to the manufacturer’s protocol in 

poly(ornithine)/msLn-111-coated tissue culture-treated plates in serum-free StemProÒ NSC 

SFM growth medium (Life Technologies). 

2.5. Cell adhesion centrifugation assay 

To evaluate the ability of rhNtA-immobilized msLn-111 to promote the adhesion of hNSCs, 

a centrifugation cell adhesion assay was performed [38]. Here, controllable and 

reproducible detachment forces were applied to adherent cells, providing relative 

measurements of adhesion strength [38]. 96-well tissue culture plates (Corning) were 

coated with increased concentrations of rhNtA (0 – 40 µg/mL) overnight at 4 ºC and blocked 
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with 1% (w/v) BSA for 1 h at RT to prevent non-specific adhesion to the substrate. msLn-

111 was then added at a fixed concentration (10 µg/mL), the plate incubated for 2 h at 37 

ºC and hNSC adhesion assessed as described in Supplementary Materials and Methods. 

Wells incubated with 1% (w/v) BSA or 20 µg/mL poly(ornithine) / 10 µg/mL msLn-111 were 

used as negative and positive control, respectively. To assess the effect of the domain per 

se on cell adhesion, wells incubated with 10 µg/mL rhNtA were used. 

2.6. N-terminal PEGylation of rhNtA 

A 5 mg/mL rhNtA solution in 0.1 M sodium phosphate (NaH2PO4) pH 6.5 was added to thiol-

PEG-succinimidyl glutaramide (SH-PEG-SGA; 3.5 kDa; purity > 90%, Jenkem USA) at a 

protein:PEG molar ratio of 1:2. The reaction was allowed to proceed for 4 h at 4 ºC and then 

quenched with 2 M hydroxylamine pH 7.4. The solution was diluted to a final protein 

concentration of 0.5 mg/mL with 1 mM HCl and the pH adjusted to 3.5 with 1 M HCl. The 

reaction mixture was then diluted (100×) with 20 mM sodium acetate pH 4.0 and loaded 

onto a HiTrap SP HP cation exchange column (GE Healthcare). A gradient of 0 to 1 M NaCl 

in 20 mM sodium acetate pH 4.0 was used to elute the different PEGylated fractions. The 

peak corresponding to the mono-N-terminal conjugate was dialyzed against 10 mM PBS 

pH 7.4, concentrated in a 10 kDa MWCO ultrafiltration membrane (GE Healthcare) and 

stored at -80 ºC until further use. Protein concentration was estimated by measuring the 

absorbance at 280 nm and the conjugate was characterized by SDS-PAGE and MALDI-

TOF mass spectrometry (MALDI-TOF MS). 

2.7. Protein and PEGylated conjugate characterization by mass spectrometry 

The native or mono-PEGylated rhNtA, as well as unmodified SH-PEG-SGA, were analyzed 

by MALDI-TOF MS. Briefly, samples were diluted 1:4 (v/v) in MALDI matrix (sinapinic acid 

10 mg/mL, 50% acetonitrile, 0.1% trifluoroacetic acid, all purchased from Sigma-Aldrich), 

spotted onto a target plate and analyzed in linear positive mode. Mass spectra were 

internally calibrated with thioredoxin (m/z 11674) and apomyoglobin (m/z 16952). To 

characterize the site of PEG conjugation to rhNtA, peptide mapping of native and mono-

PEGylated rhNtA was performed using a previously published procedure [39], which is 

briefly described in Supplementary Materials and Methods. 

2.8. Self-assembled monolayers (SAMs) preparation 

Mixed SAMs of mono-PEGylated rhNtA (mPEG rhNtA-SAM) or SH-PEG-SGA (SGA-SAM) 

were prepared on gold-coated substrates (0.5 × 0.5 cm2), obtained from Instituto de 

Engenharia de Sistemas e Computadores – Microsistemas e Nanotecnologias, Portugal 

(INESC-MN). Prior to use, gold surfaces were cleaned as described elsewhere [40]. Gold 
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substrates were then incubated in ethanolic solutions (99.9%; Merck-Millipore) of either 

mono-PEGylated rhNtA (2.5, 5.0 or 10.0 µM), for laminin affinity binding; or SH-PEG-SGA 

(5.0 µM), for non-selective covalent immobilization of laminin. After 4 h at RT and under 

inert conditions (glove chamber saturated with dry nitrogen), SAMs were rinsed with 

absolute ethanol to remove any physically adsorbed molecules. For proper monolayer 

packing mPEG rhNtA- and SGA- SAMs were subsequently incubated with a 100.0 µM 

absolute ethanolic solution of (11-mercaptoundecyl) tetraethylene glycol (EG4, SensoPath 

Technologies) for 16 h at RT and under the inert conditions mentioned above. Afterwards, 

SAMs were thoroughly rinsed with absolute ethanol (99.9%; Merck-Millipore). EG4-SAMs, 

used as control surfaces, were prepared by immersing cleaned gold substrates in a 100.0 

µM ethanolic solution of EG4 for 16 h at RT and under inert conditions. 

2.9. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

Gold-coated QCM-D sensors (Biolin Scientific) were cleaned as previously described [41]. 

Clean sensors were further modified following the procedure reported in 2.8. A QCM-D 

system (Q-Sense E4 instrument, Biolin Scientific) was used to monitor in real time the 

frequency (Δf) and dissipation (ΔD) shifts related to laminin adsorption as described in 

Supplementary Materials and Methods. Data was modeled using the Voigt model [41] in 

the QTools® V3 software. Results are presented as mass per surface area (ng/cm2). 

2.10. Laminin self-polymerization 

mPEG rhNtA-SAMs were equilibrated in 10 mM HEPES pH 7.4, to favor the affinity 

interaction with laminin, while SGA-SAMs were equilibrated in 100 mM sodium bicarbonate 

pH 8.5, to favor the non-selective covalent interaction with laminin amine groups, and then 

incubated with msLn-111 (20 µg/mL; 2 h, RT). The substrates were then thoroughly 

washed, to remove any unbound laminin. To assess the ability of laminin to self-polymerize, 

a msLn-111 solution (50 µg/mL) in 20 mM Tris-HCl pH 7.0, containing 1 mM CaCl2, was 

used. The laminin concentration used was below the critical protein concentration 

necessary to trigger laminin polymerization in neutral pH solution [6]. Mixed SAMs with 

affinity- (mPEG rhNtA-SAMs) or covalent-bound (SGA-SAMs) msLn-111 were incubated 

with the laminin solution for 24 h at 37 ºC [42]. Finally, samples were processed for laminin 

immunostaining, as described in Supplementary Materials and Methods, and observed 

under confocal laser scanning microscopy (CLSM) (TCS SP5 II; Leica Mycrosystems), 

using a Plan-Apochromat 63´/1.4NA oil objective. A z-section of 15 µm was acquired and 

subsequently projected into a 2D image. Processing and quantitative analysis of the 

acquired images were performed in ImageJ/Fiji and MATLAB® software, respectively, as 

described in detail in the Supplementary Materials and Methods. 
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2.11. Cell adhesion and morphology 

To determine the impact of the immobilization approach on the cell adhesion-promoting 

activity of laminin, mPEG rhNtA- or SGA-SAMs were equilibrated in 10 mM HEPES pH 7.4 

and then incubated for 2 h at RT with rhLn-521 (20 µg/mL). After being washed with 10 mM 

HEPES pH 7.4 to remove unbound laminin, hNSCs (50,000 viable cells/cm2) were added 

to the substrates and incubated at 37 ºC with 5% CO2 for 24 h. Samples were processed 

for F-actin/DNA staining, as described in Supplementary Materials and Methods, and 

imaged with the IN Cell Analyzer 2000 imaging system (GE Healthcare) using a Nikon 

20×/0.45 NA Plan Fluor objective. A z-section of 45 µm was acquired per field of view (FOV) 

and then projected into a 2D image. Images spanning a total area of 4.6 mm2 were analyzed 

using CellProfiler image analysis software [43]. Briefly, nuclei were segmented through an 

Otsu thresholding method from the 4’,6-diamidino-2-phenylindole (DAPI) channel while 

cells cytoplasm was segmented from the actin channel through a propagation from the 

previously identified nucleus, using a minimum cross entropy threshold. Measurements 

were obtained for total number of adhered cells, average cell spreading area (µm2) and 

average occupied area (µm2) per field of view (FOV). Representative images for each 

condition were also obtained by CLSM using a Plan-Apochromat 63×/1.4NA oil objective. 

A z-section of 12 µm was acquired and subsequently projected into a 2D image. 

2.12. Statistical Analysis 

Individual experiments with biological replicates were performed at least in duplicate and 

statistical analysis was performed using GraphPad Prism 6 software (San Diego). 

Statistically significant differences between two conditions were detected using a non-

parametric Mann Whitney U-test. Comparisons between three or more groups were 

performed with one-way ANOVA analysis, followed by the Bonferroni correction for pairwise 

comparisons or the Dunnett’s two-tailed test for comparisons with the control condition. For 

all analyses, differences were considered significant at p < 0.05. 

3. Results and Discussion 

3.1. Recombinant human N-terminal agrin (rhNtA) domain was successfully 

produced 

In contrast with most of reports published to date in which the NtA used was derived from 

chicken agrin [32, 33], we produced the human variant of this domain because of its higher 

clinical relevance. This is of particular interest when envisaging the use of this domain in 

platforms for human-disease modelling, cell culture/delivery or engineered coatings for 

neuroelectrodes. 
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The produced fusion protein Trx-His6-hNtA, revealed high affinity binding to msLn-111 with 

an equilibrium dissociation constant (KD) of 6.49 ± 0.58 nM, as determined by solid-phase 

binding assay (Fig. S2), similar to that reported for chicken NtA - msLn-111 interaction (KD 

= 5 nM) [32, 33]. Cleavage of the N-terminal tag was subsequently conducted to enable 

conjugation of a thiol-terminated PEG moiety to the domain N-terminal, for further 

immobilization of rhNtA to the selected substrate. This immobilization approach was chosen 

to assure the exposure of the high-affinity laminin binding site of rhNtA, located on the C-

terminal [32, 44]. Untagged rhNtA domain was produced with a high purity (> 90%) and with 

the expected MW 14.5 kDa, as evidenced by Coomassie blue staining (Fig. 1A) and 

Western blot analysis (Fig. 1B). Molecular weight was further confirmed by MALDI-TOF MS 

(MW 14.8 kDa) (Fig. 1C). 

 

 
Figure 1. Recombinant human NtA (rhNtA) domain characterization. A) Coomassie Blue stained 

15% SDS-PAGE gel and B) Western-blot analysis of 10 µg of purified rhNtA. MW, Molecular Weight 

marker. C) MALDI-TOF MS spectra of purified rhNtA. 

rhNtA was shown to mediate a high affinity interaction with msLn-111 (KD = 5.85 ± 0.43 

nM), as evidenced by solid-phase binding assay (Fig. 2). To monitor in real time the 

interaction between rhNtA and immobilized msLn-111 or rhLn-521, SPR was conducted 

(Table 1). Native rhNtA was found to interact with high affinity with both msLn-111 and rhLn-

521 (KD = 0.98 ± 0.02 and 0.54 ± 0.14 nM, respectively; Table 1), showing that binding 
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affinity towards laminin was retained independently of the laminin isoform. Results from 

both techniques indicate that the laminin binding site of the produced rhNtA domain 

preserved its bioactivity, namely the ability to interact with high affinity with laminin. 

 

 

 
Figure 2. rhNtA Bioactivity. Solid-phase assay of rhNtA binding to immobilized msLn-111 (10 

µg/mL). The results are shown as fitted curve of the mean ± standard deviation (SD) of three replicate 

samples from one experiment representative of three independent assays. Non-linear regression 

analysis revealed a KD value of rhNtA to msLn-111 of 5.85 ± 0.43 nM (r2 = 0.99). 

Table 1. Kinetic parameters (ka, association rate constant; kd, dissociation rate constant) and affinity 

constant (KD, dissociation constant) of rhNtA to immobilized msLn-111 or rhLn-521, estimated by 

SPR. Data represent mean ± SD of three independent experiments. 

 ka (x105) M-1.s-1 kd (x10-4) s-1 KD (nM) 

msLn-111 5.25 ± 1.83 5.12 ± 1.71 0.98 ± 0.02 

rhLn-521 4.86 ± 1.55 2.52 ± 0.43 0.54 ± 0.14 

 

3.2. rhNtA-immobilized laminin is able to mediate cell adhesion of human neural stem 

cells 

Laminin mediates integrin- and non-integrin-dependent adhesion of neural stem cell (NSCs) 

[45-47], being commonly used as a surface coating for NSC culture. As the site-specific 

immobilization of laminin should preserve exposure of its multiple bioactive domains 

interacting with cell adhesion receptors and, therefore, its cell adhesion-promoting activity, 

we assessed the ability of rhNtA-immobilized msLn-111 to mediate cell adhesion of hNSCs. 

These cells were seeded on cell culture wells coated with rhNtA-immobilized msLn-111 and 
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cell adhesion quantified, as a function of rhNtA concentration, using a centrifugation 

adhesion assay [38] (Fig. 3). The application of a constant centrifugal force revealed an 

increase in cell adhesion with the increase of the rhNtA concentration from 0.1 to 10 μg/mL 

(Fig. 3), at which the levels of cell adhesion observed on rhNtA-immobilized msLn-111 

reached values similar to those on the msLn-111 positive control (Fig. 3). This suggests 

that under these conditions, the amount of affinity-immobilized msLn-111 attained a 

plateau, which is in agreement with the isotherm of rhNtA adsorption (Fig. S3) that shows 

a saturation plateau at domain concentrations ³ 2.5 µg /mL. The cell adhesion levels 

observed in the absence of rhNtA (0 µg/mL rhNtA) are most likely due to the competitive 

displacement of adsorbed BSA by laminin, an effect also known as the Vroman effect [48]. 

Cell adhesion to wells incubated only with rhNtA (10 µg/mL) was, as expected, comparable 

to that observed on the negative control (BSA; Fig. 3), due to the absence in the rhNtA of 

bioactive cell adhesion domains. These results demonstrate that, when immobilized 

through rhNtA, laminin retains its ability to mediate cell adhesion, suggesting the correct 

exposure of laminin’s main bioactive sites interacting with cell surface receptors. 

 

 
Figure 3. hNSC adhesion to rhNtA-immobilized msLn-111 (10 µg/mL) as a function of rhNtA 

concentration (0.1 – 40 µg/mL), evaluated performing a cell adhesion centrifugation assay. The 

number of adherent cells on wells coated with BSA (1% (w/v), negative control), rhNtA (10 µg/mL) 

and 20 µg/mL poly(ornithine)/ 10 µg/mL msLn-111 (positive control), is also shown. Data represent 

mean ± SD of 10 to 18 replicates from two independent experiments; one-way ANOVA followed by 

Dunnett’s test (vs. poly(ornithine)/msLn-111). 
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3.3. rhNtA is selectively PEGylated at the N-terminus 

The rhNtA sequence comprises seven primary amines, including the a-amine of Gly1 and 

the e-amine of six Lys residues (Fig. S1), which can theoretically react with the SGA group 

in SH-PEG-SGA. The site-specific addition of the PEG moiety at the N-terminal domain (a-

amine) of rhNtA can be controlled by adjusting the pH at which the PEGylation reaction 

occurs and by adjusting the protein:PEG molar ratio. The conjugation reaction was 

performed at pH 6.5 and using a protein:PEG molar ratio of 1:2. The slightly acidic pH 

directs the PEGylation reaction to the a-amino group at the N-terminal of rhNtA, by taking 

advantage of the differences in pKa values of the a-amino group (pKa 7.8) [49, 50] versus 

that of the e-amino groups (pKa 10.1) [49, 50] on the side chains of Lys residues. These 

conditions favor the protonation of the e-amino groups of Lys, while assuring the availability 

of the a-amino group at the N-terminal as nucleophile. The cation-exchange chromatogram 

of the conjugation mixture (Fig. 4A) showed three different fractions, which correspond, as 

evidenced by molecular weight estimation from SDS-PAGE analysis (Fig. 4B), to rhNtA 

PEG conjugates containing either a double (MW @ 36.5 kDa; di-PEGylated rhNtA, peak 1) 

or single (MW @ 28.8 kDa; mono-PEGylated rhNtA, peak 2) PEG molecule and native rhNtA 

(MW @ 14.5 kDa, peak 3). The efficiency of the PEGylation reaction was determined based 

on the SDS-PAGE analysis (Fig. 4B). A PEGylation yield of 47% was obtained, from which 

94% corresponds to mono-PEGylated rhNtA and the remaining 6% to di-PEGylated rhNtA. 

Since the large hydrodynamic volume of PEGylated proteins retards their mobility on SDS-

PAGE gels, resulting in higher molecular weight estimates [49], PEGylation reaction 

products were further analyzed by MALDI-TOF MS for an absolute estimation of their 

molecular weight. The MALDI-TOF MS spectra of native and PEGylated rhNtA (Fig. 4C) 

indicate a molecular weight centered at 18.4 and 22.1 kDa for mono- and di-PEGylated 

rhNtA, respectively (the MW of native rhNtA was found to be 14.8 kDa, confirming the 

previously determined value (Figure 1C)). 

 

 

 

 

 

 

 

 

 

 



CHAPTER V | An Affinity-Based Approach to Engineer Laminin Presenting Cell Instructive 
Microenvironments 
 

 138 

 

 
Figure 4. Characterization of N-terminal PEGylated rhNtA. A) Cation-exchange chromatogram 

of the conjugation mixture. The chromatogram was obtained by monitoring the eluent at 280 nm and 
using a HiTrap SP HP column (GE Healthcare); 1, di-PEGylated rhNtA; 2, mono-PEGylated rhNtA; 

3, Native rhNtA. B) Coomassie Blue stained 4-12% Bis-Tris gel of native and PEGylated rhNtA after 

purification. M, MW marker; C, Conjugation mixture before cation-exchange chromatography; 1, di-

PEGylated rhNtA band at around 36.5 kDa; 2, mono-PEGylated rhNtA band at around 28.8 kDa; 3, 

native rhNtA at around 14.9 kDa. C) MALDI-TOF MS spectra of native and PEGylated rhNtA. The 

presented molecular weight corresponds to the value obtained for the high intensity peak – Native 

rhNtA 14.8 kDa; mono-PEGylated rhNtA 18.4 kDa; di-PEGylated rhNtA 22.1 kDa. 
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The position of the conjugated PEG moiety on the purified mono-PEGylated rhNtA 

conjugate was further determined by peptide mapping, comparing the fingerprint of native- 

and PEGylated rhNtA. The majority of the theoretical fragments, as well as the rhNtA N-

terminus were experimentally detected in both samples (Table S2). Also, their molecular 

masses, which were experimentally determined by MALDI-TOF MS, are very similar to the 

predicted values obtained in web.expasy.org/peptide_mass (Table S2). Two peaks 

corresponding to the N-terminus of rhNtA domain were identified in both native and mono-

PEGylated rhNtA – GPTCPER (F1) [1-7] m/z 816.3677 (Table S2, Fig. S4A) and 

GPTCPERALER (F2) [1-11] m/z 1285.6278 (Table S2, Fig. S4B). In the conjugated sample, 

a significant decrease in the signal-to-noise ratio was observed for F1, while the peak 

correspondent to F2 was not detected. These evidences demonstrate that the a-amine of 

Gly1 was selectively modified with the PEG moiety. 

3.4. N-terminal PEGylated rhNtA binds with high affinity to laminin 

SPR analysis was conducted to evaluate the impact of N-terminal PEGylation on rhNtA 

laminin binding ability. N-terminal PEGylation led to a decrease of the binding affinity for 

both msLn-111 (KD = 3.36 ± 0.11 nM) and rhLn-521 (KD = 1.58 ± 0.41 nM) (Table 2), 

estimated as a 3.4- and 2.9- fold decrease, respectively, compared to native rhNtA (Table 

1). This suggests that PEG conjugation to rhNtA slowed down the rate of domain 

association (ka) towards immobilized laminin, while the dissociation rate (kd) was not 

affected (Table 2). Interestingly, the affinity of both native (Table 1) and mono-PEGylated 

rhNtA (Table 2) for rhLn-521 was found to be slightly higher than that determined for msLn-

111. Moreover, the complex formed with this laminin isoform appears to be more stable, as 

evidenced by higher kd values (Table 1 and 2). Previous studies suggest that the affinity 

between NtA and laminin is regulated by laminin chain composition, and that although the 

agrin binding site is located within the g1 chain, a and b laminin chains may also contribute 

to the binding, even though to a lesser extent, [32, 33, 51]. Therefore, the differences 

observed in the binding affinity of native and mono-PEGylated rhNtA to msLn-111 and rhLn-

521 can be related to the chain composition of the laminin isoforms tested. 

 

 

 

 

 

 



CHAPTER V | An Affinity-Based Approach to Engineer Laminin Presenting Cell Instructive 
Microenvironments 
 

 140 

Table 2. Kinetic parameters (ka and kd) and affinity constant (KD) of mono-PEGylated rhNtA to 

immobilized msLn-111 or rhLn-521, estimated by SPR. Data represent mean ± SD of three 

independent experiments. 

 ka (x105) M-1.s-1 kd (x10-4) s-1 KD (nM) 

msLn-111 1.38 ± 0.05 4.64 ± 0.31 3.36 ± 0.11 

rhLn-521 1.66 ± 0.63 2.47 ± 0.40 1.58 ± 0.41 

 

3.5. N-terminal PEGylated rhNtA can be used for the site-selective immobilization of 

laminin with retention of bioactivity 

The potential of mono-PEGylated rhNtA to promote the site-selective immobilization of 

laminin onto substrates was explored using mixed SAMs of mono-PEGylated rhNtA and 

(11-mercaptoundecyl) tetraethylene glycol (EG4) (mPEG rhNtA-SAMs) as a model surface. 

EG4 was used to prevent nonspecific protein immobilization and thus guarantee signal 

specificity and maximum bioactivity of the immobilized biomolecules, while also enhancing 

the correct monolayer packing [52]. Mixed SAMs of SH-PEG-SGA and EG4 (SGA-SAMs) 

were also prepared to promote the non-selective covalent immobilization of laminin through 

the reaction with protein amine groups present in multiple locations within the laminin 

structure. 

To avoid steric effects and have a finer control over the binding ligand surface density, 

which ultimately would determine the amount of affinity-bound laminin, an initial screening 

was conducted to determine the most suitable mono-PEGylated rhNtA domain 

concentration. QCM-D analysis was conducted with different mono-PEGylated rhNtA 

concentrations (2.5, 5.0 and 10.0 µM) while keeping that of EG4 constant (100.0 µM), to 

evaluate laminin immobilization (Fig. S5). Results show a more effective laminin 

immobilization when an intermediate concentration of mono-PEGylated rhNtA (5.0 µM) was 

used (638 ± 29 ng/cm2, compared to the 146 ± 115 and 445 ± 57 ng/cm2, obtained for 2.5 

and 10.0 µM mono-PEGylated rhNtA, respectively) (Fig. S5). Based on these results, mixed 

SAMs were prepared using an intermediate concentration (5.0 µM) of either mono-

PEGylated rhNtA or SH-PEG-SGA. 

Infrared reflection absorption spectroscopy (IRRAS) analysis was performed to characterize 

the prepared mixed mPEG rhNtA- and SGA-SAMs, using Au surfaces as background. EG4-

SAMs and adsorbed native rhNtA to Au surfaces were used as controls. The presence of 

rhNtA domain was confirmed by the detection of the two protein characteristic absorption 
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bands correspondent to amide I (1690 ± 45 cm-1), which is mainly associated with C=O 

stretching vibration and is directly related to the backbone conformation, and amide II (1540 

± 60 cm-1), which results from the N-H and C-N vibration that were observed on both native 

rhNtA and mPEG rhNtA spectra (Fig. S6). An adsorption band correspondent to amide I 

(1690 ± 45 cm-1) is also observed in the PEG-SGA spectra and is attributed to the C=O 

stretching vibration resultant from the presence of the SGA group. 

3.5.1. Site-selective immobilized laminin retains its ability to self-polymerize 

Laminin polymerization is a key process to direct basement membrane assembly and 

organization and occurs by a thermally reversible process dependent on the presence of 

calcium ions [6-8]. Previous studies exploring this hallmark feature of laminin demonstrated 

that this ECM protein is able to spontaneously self-polymerize in solution at neutral pH, 

requiring a minimal protein concentration of approximately 60 nM [6]. The three-arm 

interaction model has been proposed by Cheng and co-workers (Fig. 5A) to explain the 

mechanism of laminin polymerization. This model proposes that the three laminin N-

terminal short arms are able to interact with the globular N-terminal domains of other 

laminins to form a polygonal network, contributing to the basement membrane architecture 

[6-8, 53]. The long arm of the laminin heterotrimer, in turn, is predicted not to be involved in 

the network formation, being free to interact with cells out of the plan of the polymer. Based 

on this evidence, we evaluated the ability of laminin to self-polymerize when immobilized 

onto mPEG rhNtA-SAMs (Fig. 5B, left panel) or SGA-SAMs (Fig. 5B, right panel). 

Differences between the two conditions were assessed by image processing and 

quantitative analysis, using ImageJ/Fiji and MATLAB® software, respectively. Four different 

variables were measured, including number of aggregates (Fig. 5C), aggregate average 

size (Fig. 5D), perimeter (Fig. 5E) and maximum Feret’s diameter (Fig. 5F). More 

information about the specific meaning of each measured variable can be found in 

https://imagej.nih.gov/ij/docs/menus/analyze.html. The relationship among the number of 

aggregates, aggregate average size, and perimeter provides information on laminin’s ability 

to form larger organized polygonal-shape structures versus several small unstructured 

aggregates, whereas the maximum Feret’s diameter provides a good indicator of network 

organization. An organized polygonal network consisting mainly of lamellar aggregates was 

consistently observed when laminin was selectively immobilized onto mPEG rhNtA-SAMs 

(Fig. 5B, left panel). Data from image quantitative analysis (Fig. 5C-F) support this 

observation, as a higher tendency for the formation of larger polygonal-based (Fig. 5C-E) 

and organized (Fig. 5F) structures is evident as result of laminin polymerization. Moreover, 

the formed homogeneous matrix presents a fractal-like organization (Fig. 5B, left panel) and 

resembles the pattern of the networks reported in literature [42, 54, 55]. On the other hand, 
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the non-selective covalent immobilization of laminin onto SGA-SAMs, led to the formation 

of a matrix consisting mainly of several smaller aggregates (Fig. 5C-E), which are extended 

over several focal plans with no observable formation of polygon-based structures (Fig. 5B, 

right panel). The inability to form a more organized structure is evidenced by the lower 

values of maximum Feret’s diameter (Fig. 5F). The 3D structures of the different formed 

laminin matrices can be better appreciated in the animation movies presented as Movie S1 

– S2 in Supporting Information. The combination of the three independent variables 

(aggregate average size, perimeter and maximum Feret’s diameter) and its analysis using 

the Fisher’s combined probability test [56], also revealed statistically significant differences 

(p < 0.0001) on laminin self-polymerization between mPEG rhNtA- and SGA-SAMs. Overall, 

the results obtained showed that depending on the binding ligand (mono-PEGylated rhNtA 

vs. SH-PEG-SGA), structural distinct matrices can be formed. Moreover, we demonstrate 

that only when we promote the site-selective immobilization of laminin (mPEG rhNtA-

SAMs), one retains its natural/intrinsic ability to self-polymerize. 
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Figure 5. Assessment of the ability of site-selective immobilized laminin to self-polymerize. 

A) Schematic representation of laminin self-polymerization (not to scale). Adapted from [57]. N-

terminal domains of a, b and g chains interact to form a polygonal network. The long arm is not 

involved in the network formation. B) mPEG rhNtA-SAM (left panel) or SGA-SAM (right panel) were 

incubated with msLn-111 (50 µg/mL) for 24 h, under neutral conditions (pH 7.0), and samples 

processed for immunofluorescence staining of laminin. Scale Bar = 50 µm. C) Number of aggregates; 

D) Aggregate average size (µm2); E) Perimeter (µm); and F) Maximum Feret’s diameter (µm) 

determined by image processing and quantitative analysis using ImageJ/Fiji and MATLAB® software, 

respectively. Data represent median and interquartile range (IQR) of 13-16 replicate samples from 

three independent assays; non-parametric Mann-Whitney U-test. 
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3.5.2. Site-selective immobilized rhLn-521 support hNSC adhesion and spreading 

rhLn-521 has a key role in the modulation of neural cell behavior, including neuronal 

adhesion, viability and network formation [36, 58]. Indeed, several studies have shown the 

potential of this laminin isoform to be used as a robust substratum for the culture and 

renewal of human embryonic [59] and pluripotent [36] stem cells. With this in mind, to 

assess laminin ability to mediate hNSC adhesion and spreading upon its binding to mPEG 

rhNtA-SAMs, rhLn-521was used. QCM-D analysis was first conducted to follow the kinetics 

of rhLn-521 immobilization onto SAMs (Fig. 6 A-B). Then, to characterize whether the 

proposed strategy favored the exposure of rhLn-521 cell-adhesive domains, hNSC 

adhesion and spreading was assessed (Fig. 6 C-E). 

QCM-D monitoring of rhLn-521 immobilization onto mPEG rhNtA-SAMs indicated a protein 

immobilization (638 ± 29 ng/cm2, Fig. 6B), with mass per surface area values close to the 

theoretical value calculated for laminin immobilization under these conditions (952 ng/cm2). 

This suggests that the immobilized mono-PEGylated rhNtA retained a 3D conformation that 

allowed the selective interaction with laminin. Moreover, mPEG rhNtA SAMs led to an 

immobilization degree statistically similar to that observed for uncoated Au surfaces (1130 

± 348 ng/cm2), in which laminin may randomly adsorb over the entire surface. SGA-SAMs, 

in contrast, presented lower amounts of immobilized rhLn-521 (342 ± 44 ng/cm2) (Figure 

6B), when compared to mPEG rhNtA-SAMs. As SH-PEG-SGA moieties can randomly 

interact with different amine groups within a single laminin molecule, these results suggest 

that the conformation of covalently-bound laminin and its spatial arrangement at the surface 

were distinct from that of affinity-bound laminin, leaving less area for the immobilization of 

other laminin molecules. As expected, the amount of adsorbed rhLn-521 on EG4-SAMs, 

was very low (20 ± 1 ng/cm2) (Fig. 6B). 
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Figure 6. Immobilization of rhLn-521 onto SAMs and its effect on hNSC adhesion and 

spreading. A) Schematic representation of the prepared surfaces (not to scale) – Au surface (control 

surface), EG4-SAM (non-fouling surface), mPEG rhNtA-SAM (for site-selective immobilization of 

laminin) and SGA-SAM (for non-specific covalent immobilization of laminin). B) QCM-D analysis of 

rhLn-521 immobilization (ng/cm2) on SAMs. Data represent mean ± SD of three independent 

experiments; one-way ANOVA followed by Bonferroni’s test. C) Representative 2D projections of 

CLSM 3D stack images of adhered hNSCs, after 24 h of culture. Scale Bar = 50 µm; D) Total number 

of adherent cells; and E) Average cell spreading area (µm2) determined by quantitative analysis of 

images acquired with an IN Cell Analyzer 2000 imaging system. Data represent mean ± standard 
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error of the mean (SEM) of four replicate samples from an experiment representative of three 

independent assays; one-way ANOVA followed by Bonferroni’s test. 

Site-selective immobilization of laminin onto mPEG rhNtA-SAMs led to hNSC adhesion 

comparable to that observed on rhLn-521-coated Au surfaces, used here as a control 

surface for hNSC adhesion (Fig. 6D and S8). After 24 h of culture, cells were well-spread 

(Fig. 6E and S9), exhibiting a morphology (Fig. 6C) comparable to that observed for cells 

seeded on rhLn-521-coated Au surfaces (Fig. 6C). Moreover, cells adhered to mPEG 

rhNtA-SAMs exhibit an average spreading area of 2812 ± 89 µm2 (Fig. 6E), comparable to 

that observed for cells cultured on rhLn-521-coated Au surfaces (3089 ± 101 µm2; Figure 

6E). TCPS surfaces, which are conventional used in adhesion studies, were used herein 

as additional control surfaces.  The morphology of cells seeded on rhLn-521- site-selective 

immobilized on SAMs or -coated on Au surfaces is comparable to that observed on rhLn-

521-modified TCPS surfaces (Fig. S7). In addition, the average cell spreading area in these 

conditions is similar to that observed in TCPS surfaces (3496 ± 483 µm2). The non-selective 

immobilization of laminin onto SGA-SAMs, in turn, resulted in a significantly lower cell 

adhesion (p = 0.0191; Fig. 6D and S8) and average spreading area (1430 ± 161 µm2; p < 

0.0001; Fig. 6E and S9) when compared to mPEG rhNtA-SAMs. Moreover, cells with both 

spread (Fig. 6C) and round (Fig. S7) morphology were observed. These results suggest 

that the non-selective nature of the immobilization process partially compromises the 

exposure of laminin cell binding domains, despite the considerable amount of rhLn-521 

bound to SGA-SAMs (342.3 ± 43.6 ng/cm2) (Fig. 6B). As expected, on EG4-SAMs, the few 

adherent cells (Fig. 6D and S8) presented mainly a round morphology (Fig. 6C and S7), as 

evidenced by the low average cell spreading area (881 ± 70 µm2, Fig. 6E). Overall, these 

results clearly demonstrate that site-specific immobilization of laminin through the use of 

mono-PEGylated rhNtA better preserved laminin bioactivity in terms of ability to self-

polymerize and to mediate hNSC adhesion and spreading, when compared to non-selective 

covalent immobilization approaches. 

4. Conclusion 

The present work demonstrates the potential of mono-PEGylated rhNtA as an effective 

natural affinity binding ligand for site-selective immobilization of laminin, allowing the 

preservation of laminin ability to self-polymerize and mediate cell adhesion and spreading. 

This affinity binding strategy overcomes several drawbacks associated with the currently 

available strategies for laminin immobilization. Moreover, this approach is highly versatile, 

as result of the ability of NtA to bind the different laminin isoforms that comprise the g1 chain, 
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which represent more than 50% of the isoforms identified to date [60], with variations in 

affinity imposed by a and b chains. Therefore, this strategy enables the immobilization of 

different laminin isoforms, which can be of interest for particular cell types and for 

application in specific disease contexts. Overall, the proposed strategy is highly attractive 

for a broad range of applications, including 2D coatings for cell culture, functionalization of 

3D matrices for cell and/or drug delivery, engineered coatings for neuroelectrodes, among 

others. 
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SUPPLEMENTARY DATA 

Supplementary Materials and Methods 

Selection and cloning of human N-terminal agrin domain (hNtA) gene and pCoofy 

expression vector 

The human N-terminal agrin (hNtA) domain gene was synthesized by GenScript 

(Piscataway, NJ, USA) – Clone ID: B25738, from the protein sequence with the Uniprot 

reference O00468 (Thr 30 – Pro 157). A gene of 395bp length was produced in pUC57 

cloning vector and the conditions for expression in Escherichia coli (E. coli) optimized. A 

high-throughput expression screening was conducted to select, among the several pCoofy 

expression vectors available [37], the most suitable for the expression of the soluble protein. 

pCoofy2 expression vector – 6080 bp (gift from Sabine Suppmann – Addgene plasmid # 

43981) was the one selected. Both hNtA gene and pCoofy2 expression vector were 

polymerase chain reaction (PCR) linearized using specific-designed primers and LP1 

forward and LP2 reverse primers, respectively (Table S1). Following PCR amplification, the 

hNtA gene was sub-cloned into the pCoofy2 expression vector using a sequence and 

ligation independent cloning (SLIC) reaction, as described in [37]. The efficiency of DNA 

insert incorporation into the expression vector was confirmed by colony PCR and DNA 

sequencing (Macrogen). 

Western blot analysis 

Ten micrograms of rhNtA was resolved in a 15% SDS-PAGE gel and transferred onto a 

nitrocellulose membrane (0.45 µm, GE Healthcare). Unspecific binding was prevented by 

incubating the membrane with blocking solution (5% (w/v) BSA in Tris-buffered saline – 

0.1% Tween® 20 (TBS-T) for 2h at RT. The membrane was then incubated with the primary 

antibody - rabbit polyclonal agrin antibody (1:1000; Abcam, ab85174), overnight at 4 ºC. 

After washing with PBS/0.05% (v/v) Tween® 20, the membrane was incubated with the goat 

anti-rabbit IgG (H+L) coupled to horseradish peroxidase (HRP) secondary antibody 

(1:2000; Life Technologies, A16023) for 1h at RT. The membrane was finally washed three 

times with PBS/0.05% (v/v) Tween® 20 and the blots developed with HRP-reactive 

chemiluminescence reagents (GE Healthcare). 

rhNtA adsorption isotherm 

96-well microtiter ELISA plates (BD Falcon) were coated with 2-fold serial dilution of rhNtA 

(0 – 40 µg/mL; overnight, 4 ºC) and blocked with 1% (w/v) BSA to prevent non-specific 

adhesion to substrate. The wells were then incubated with the primary antibody - rabbit 

polyclonal agrin antibody (1:5000; 2h, RT). Goat anti-rabbit IgG (H+L) coupled to HRP 
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secondary antibody (1:2000) was incubated for 1,5 h at RT. The color was developed using 

3, 3’, 5, 5’ tetramethyl benzidine (TMB) substrate (Biolegend), incubated for 30 min at RT. 

The reaction was stopped using 2 M H2SO4 and the absorbance measured at 450 nm 

(BioTekÒ Synergy™ Mx). 

Cell adhesion centrifugation assay  

hNSCs were fluorescently-labelled with 2 µM of Calcein AM (Molecular Probes, 10 min, 

37ºC), suspended in StemPro® NSC SFM medium (Life Technologies) and transferred to 

rhNtA-immobilized msLn-111-adsorbed surfaces at 3×105 viable cells/cm2. Cells were 

allowed to adhere for 5 h and before subjecting the cells to centrifugation, initial 

fluorescence intensity was measured using a microwell plate reader (BioTek® SynergyTM 

Mx). After overfilling the wells with 10 mM PBS pH 7.4, until a positive meniscus was 

observed, the plates were sealed with transparent tape, inverted, and spun at 50 RCF for 5 

min. Following cell detachment, the medium was changed, and the wells filled with fresh 

medium for measurement of final fluorescence. For each well, the adherent cell fraction was 

determined as the ratio of post-spin (final) to pre-spin (initial) fluorescence readings (lex = 

485 nm; lem = 535 nm). 

Peptide mapping 

All the reagents used to perform the peptide mapping and protein identification were 

purchased from Sigma-Aldrich unless otherwise stated. 

Protein bands correspondent to native or mono-PEGylated rhNtA were cut from the gel, 

washed with ultrapure water and de-stained with 50% (v/v) acetonitrile (ACN) in 50 mM 

ammonium bicarbonate. The samples were then reduced with 50 mM dithiothreitol (20 min, 

56 ºC) and alkylated with 55 mM iodoacetamide, (20 min, RT in the dark). Next, protein in 

gel enzymatic digestion was performed by the addition of 20 ng of trypsin for 3 h at 37 ºC 

in the presence of 0.01% surfactant (ProteaseMAXTM, Promega). Resulting peptides were 

extracted from gel plugs with 2.5% trifluoroacetic acid (TFA; 15 min at 1400 rpm), dried 

under vacuum and resuspended in 0.1% TFA. 

Protein identification was performed by a MALDI-TOF/TOF mass spectrometer (4800 Plus, 

SCIEX). Protein digests were purified by reversed-phase C18 chromatography (ZipTips®, 

Millipore) following the manufacturer’s instructions and eluted in the MALDI sample plate 

using the MALDI matrix alpha-Cyano-4-hydroxycinnamic acid (CHCA) elution solution at 8 

mg/mL in 50% ACN, 0.1% TFA, 6 mM ammonium phosphate. Peptide mass spectra were 

acquired in positive MS reflector mode in the mass range of m/z 700-5000 and internally 

calibrated with trypsin autolysis peaks. Individual peptides from both native and mono-

PEGylated rhNtA were identified by peptide mass fingerprint (PMF) approach using MS-
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Bridge software version 5.16.1 (ProteinProspector, University of California, San Francisco, 

CA) and the protein sequence data (Figure S1). The protein search settings were: cysteine 

carbamidomethylation (constant modification), methionine oxidation (variable modification), 

up to two missed trypsin cleavages, minimum and maximum digest fragment mass of 500 

and 4000 Da, respectively, and a minimum digest fragment length of five amino acids. To 

estimate the location of the PEG moiety in the conjugate, experimental ion peaks obtained 

in the peptide map of purified mono-PEGylated rhNtA conjugate were compared to the 

peptide content of native rhNtA. In addition, an indirect estimation of PEG moiety position 

in the rhNtA sequence was performed by comparing the mass difference between the 

conjugated and unmodified PEG molecule. 

Quartz crystal microbalance with dissipation monitoring (QCM-D) 

For QCM-D real-time monitoring of laminin immobilization, sensors were pre-incubated with 

10 mM HEPES pH 7.4 for 15 min at a constant flow rate of 0.1 µL/min followed by an 

additional 15 min incubation, under static conditions, to establish the baseline. Then, 300 

µL/sensor of rhLn-521 (20 µg/mL) in 10 mM HEPES pH 7.4 was injected at a constant flow 

rate of 0.1 µL/min, followed by 1 h incubation in static conditions. After, the system was 

flushed with 10 mM HEPES pH 7.4 during 30 min at a constant flow rate of 0.1 µL/min. All 

the experiments were conducted at 25 ºC. The total amount of immobilized laminin was 

calculated with application of the Voigt model [41], which takes into account the viscoelastic 

contributions of the hydrated layer. The fluid density and viscosity of rhLn-521 solution were 

established at 1000 kg/m3 and 0.001 kg/m∙s, respectively and data from the 5th harmonic 

was used in the analysis. 

Infrared reflection absorption spectroscopy (IRRAS) 

IRRAS spectra were obtained using a Perkin Elmer FTIR spectrophotometer, model 2000, 

coupled with a VeeMax II Accessory (PIKE) and a liquid-nitrogen-cooled MTC detector. To 

avoid water vapor adsorption, instrument was purged with dry nitrogen for 5 min before and 

during each sample analysis. Au substrates were here used as a background. Incident light 

was p-polarized and spectra were collected using the 80º grazing angle reflection mode. 

The analysis of each sample was performed through the acquisition of 100 scans with 4 

cm-1 resolution. 

Laminin self-polymerization – Immunocytochemistry and Image processing and analysis 

mPEG rhNtA- or SGA-SAMs incubated with msLn-111 were fixed with 3.7% (w/v) 

paraformaldehyde (PFA) for 20 min at RT and washed 3´ with 10 mM PBS pH 7.4. Samples 

were then incubated with blocking buffer (5% (w/v) BSA in PBS for 30 min at RT), followed 
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by incubation with the primary antibody – rabbit polyclonal laminin antibody (1:30; Sigma-

Aldrich, L9393), overnight at 4 ºC. Samples were washed 3´ with 10 mM PBS pH 7.4 and 

incubated with Alexa FluorÒ 488 conjugated anti-rabbit secondary antibody (1:300; Life 

Technologies, A11034), for 1 h at RT. Samples were observed under confocal laser 

scanning microscopy (CLSM, Leica TCS SP5II) using a Plan-Apochromat 63´/1.4NA oil 

objective and acquired z-sections of 15 µm were processed using the ImageJ/Fiji software 

[61, 62]. Briefly, the rolling ball algorithm was first applied to maximum intensity projection 

2D images, to fix uneven background and followed by the application of a Gaussian blur 

with s = 1 to reduce noise. Aggregates were segmented through an Otsu thresholding 

method and a closing morphological filter was then used to unify structures distanced by 

less than 1 µm. Lastly, all the structures with an area below 10 µm2 were removed/rejected. 

For each resulting image, measurements were obtained for number of aggregates, 

aggregate average size (µm2), perimeter (µm) and maximum Feret’s diameter (µm). To 

evaluate differences on the data resultant from both conditions, statistical analysis of the 

different variables was conducted on MATLAB® software (R2018a) using the non-

parametric Mann-Whitney U-test. Moreover, differences resultant from the combination of 

the different variables measured were determined by application of the Fisher’s combined 

probability test [56] and an overall p-value determined. This test is applied under the 

assumption that variables must be independent from each other. As the number of 

aggregates is not independent from the other variables, for the Fisher’s combined 

probability test, only average size, perimeter and maximum Feret’s diameter of aggregates 

were considered. 

Cell adhesion and morphology – F-actin/DNA staining 

hNSC adhesion and morphology was assessed, after 24 h of culture, in samples processed 

for F-actin/DNA staining. Cells were fixed with 2% (w/v) PFA for 20 min at RT, permeabilized 

with 0.5% (v/v) Triton X-100 (Sigma-Aldrich) for 10 min at RT and stained with Alexa FluorÒ 

647 phalloidin (1:50; Biolegend, 424205) for 20 min at RT. The nuclei were counterstained 

with 0.1 µg/mL of Hoechst 33342 (Life Technologies, H1399) for 20 min at RT. Samples 

were imaged with the IN Cell Analyzer 2000 imaging system (GE Healthcare) using a Nikon 

20×/0.45 NA Plan Fluor objective and CLSM (TCS SP5 II; Leica Mycrosystems) using a 

Plan-Apochromat 63´/1.4NA oil objective. 

Cell adhesion – DNA fluorescence 

Cell adhesion was also estimated from Hoechst 33342 average fluorescence intensity of 

samples processed for F-actin/DNA staining. Briefly, samples were transferred to the wells 

of black 24-well plates (ibidi) and the fluorescence of each surface measured (lex = 350 nm; 



CHAPTER V | An Affinity-Based Approach to Engineer Laminin Presenting Cell Instructive 
Microenvironments 
 

 152 

lem = 461 nm) using a microwell plate reader (BioTekÒ Synergy™ Mx). The measurement 

was performed using the area scan mode with the optics position set to the bottom. The 

fluorescence intensity (FI) of unseeded SAMs, processed in parallel, was subtracted and 

the average FI determined. 

Supplementary Figures and Tables 

GPTCPERALERREEEANVVLTGTVEEILNVDPVQHTYSCKVRVWRYLKGKDLVARESLL

DGGNKVVISGFGDPLICDNQVSTGDTRIFFVNPAPPYLWPAHKNELMLNSSLMRITLRNL

EEVEFCVEDKP 

Figure S1. Amino acid sequence of recombinant human N-terminal agrin (rhNtA) domain after 

purification and N-terminal tag cleavage. 

 
 
 
 
 

 

Figure S2. Solid-phase assay of Trx-His6-hNtA binding to immobilized msLn-111 (10 µg/mL). The 
results are shown as fitted curve of the mean ± standard deviation (SD) of three replicate samples 

from one experiment representative of three independent assays. Non-linear regression analysis 

revealed a KD value of Trx-His6-hNtA to msLn-111 of 6.49 ± 0.58 nM (r2 = 0.98). 

 

 
 

 

 

 

 

0.0 0.5 1.0 10 20 30 40 50 60 70 80 90 100
0.0

0.5

1.0

1.5

2.0

2.5

[Trx-His6-hNtA] (nM)

A
bs

 4
50

 n
m

Kd = 6.5nM



CHAPTER V | An Affinity-Based Approach to Engineer Laminin Presenting Cell Instructive 
Microenvironments 
 

 153 

 

 

Figure S3. Isotherm of rhNtA adsorption determined using a direct ELISA assay. The results are 

shown as fitted curves of the mean ± SD of twelve replicate samples analyzed from two independent 

experiments (r2 = 0.94). 
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Figure S4. Position of conjugated PEG moiety on the purified mono-PEGylated rhNtA determined 
by peptide mapping. Positive mode MALDI-TOF/TOF identification of the fragments obtained upon 

digestion of native and mono-PEGylated rhNtA with trypsin. Two peaks correspondent to the N-

terminus were identified on both native and mono-PEGylated rhNtA (arrows) – (A) F1 - GPTCPER 

[1-7] m/z 816.3677 and (B) F2 - GPTCPERALER [1-11] m/z 1285.6278. 
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Figure S5. Immobilization of rhLn-521 (ng/cm2) onto mPEG rhNtA-SAMs, as a function of the mono-

PEGylated rhNtA concentration. SAMs were prepared using a fixed concentration of EG4 (100.0 µM) 

and increasing concentrations of mono-PEGylated rhNtA (2.5, 5.0 and 10.0 µM). rhLn-521 

immobilization was monitored in real time by QCM-D analysis and data modeled with application of 

the Voigt model. Results represent mean ± SD of three independent experiments; one-way ANOVA 

followed by Bonferroni’s test. 
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Figure S6. IRRAS spectra of mPEG rhNtA- and SGA- SAMs. EG4-SAMs and native rhNtA-adsorbed 

to Au surfaces were used as controls. A baseline correction and smoothing were applied to all the 

spectra. Two protein characteristic bands were identified – amide I (1690 ± 45 cm-1) and II (1540 ± 

60 cm-1). 
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Figure S7. Representative 2D projections of CLSM 3D stack images of hNSCs adhered to TCPS 

and EG4- and SGA-SAMs. Images were acquired after 24h of culture. Scale Bar = 50 µm. 

 
 
 

 
Figure S8. hNSC adhesion to SAMs determined measuring the average fluorescence intensity of 

Hoechst 33342 in samples processed for F-actin/DNA staining. Data represent mean ± SEM of four 

replicate samples from one experiment representative of three independent assays; one-way 

ANOVA followed by Bonferroni’s test. 
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Figure S9. hNSCs average occupied area (µm2) determined by quantitative analysis of images 

acquired in IN Cell Analyzer 2000 imaging system. Data represent mean ± SEM of four replicate 

samples of an experiment representative of three independent assays; one-way ANOVA followed by 

Bonferroni’s test.  

 
 
 
Table S1. Oligonucleotide sequences used for PCR linearization of hNtA gene and pCoofy2 

expression vector 

Primer Sequence 5’ – 3’ 

3C - LP1 forward 

vector primer a 
5' AAGTTCTGTTCCAGGGGCCC 3’ 

ccdB - LP2 reverse 

vector primer a 
5' CCCCAGAACATCAGGTTAATGGCG 3’ 

hNtA forward 

primer (3C) b 
5' AAGTTCTGTTCCAGGGGCCCGGCACCTGTCCGGAACGCGC 3’ 

hNtA reverse 

primer (ccdB) b 

5’CCCCAGAACATCAGGTTAATGGCGTTACGGTTTATCTTCAACGCA
AAATTC 3’ 

a Primers for vector amplification were obtained from [37]. 
b Primers used for hNtA gene amplification were specifically designed to have gene specific sequences plus 
15 to 25 bp extensions complementary to LP1 and LP2 vector primers. 
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Table S2. Fragments obtained upon digestion of native- and mono-PEGylated rhNtA with trypsin. 

The N-terminus sequence of rhNtA fragment is depicted in bold 

Sample Fragments Sequence 
Molecular Mass (Da) 

Calculateda Experimentalb 

rhNtA 
1-7 GPTCPER 

816.3668 816.3677 

mono-PEG rhNtA 
 

816.3736 

rhNtA 
1-11 GPTCPERALER 

1285.6317 1285.6278 

mono-PEG rhNtA 
 

c 

rhNtA 
8-40 

ALERREEEANVVLTGTVE
EILNVDPVQHTYSCK 

3741.8752 3798.9145 

mono-PEG rhNtA 
 

3798.9299 

rhNtA 
12-40 

REEEANVVLTGTVEEILN
VDPVQHTYSCK 

3329.6317 3329.6360 

mono-PEG rhNtA 
 

3329.6489 

rhNtA 
13-40 

EEEANVVLTGTVEEILNV
DPVQHTYSCK 

3173.5306 3173.5747 

mono-PEG rhNtA 
 

3173.5818 

rhNtA 
41-45 VRVWR 

715.4362 715.4423 

mono-PEG rhNtA 
 

715.4426 

rhNtA 
46-55 YLKGKDLVAR 

1162.6930 c 

mono-PEG rhNtA 
 

1162.6930 

rhNtA 
49-55 GKDLVAR 

758.4519 758.4529 

mono-PEG rhNtA 
 

758.4524 

rhNtA 
56-64 ESLLDGGNK 

932.4745 c 

mono-PEG rhNtA 
 

932.4745 

rhNtA 
56-86 

ESLLDGGNKVVISGFGDP
LICDNQVSTGDTR 

3263.5848 3263.5940 

mono-PEG rhNtA 
 

3263.6089 

rhNtA 
65-86 

VVISGFGDPLICDNQVST
GDTR 

2350.1343 2350.1294 

mono-PEG rhNtA 
 

2350.1355 

rhNtA 
87-102 IFFVNPAPPYLWPAHK 

1897.0159 1897.0105 

mono-PEG rhNtA 
 

1897.0167 

rhNtA 
87-113 

IFFVNPAPPILWPAHKNEL
MLNSSLMR 

3217.6325 3217.6418 

mono-PEG rhNtA 
 

3217.6716 

rhNtA 103-113 NELMLNSSLMR 1339.6344 1339.6328 
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mono-PEG rhNtA 
 

1339.6374 

rhNtA 
114-130 ITLRNLEEVEFCVEDKP 

2091.0426 2091.0317 

mono-PEG rhNtA 
 

2091.0422 

rhNtA 
118-130 NLEEVEFCVEDKP 

1607.7257 1607.7244 

mono-PEG rhNtA 
 

1607.7286 

a Theoretical molecular mass of the fragments calculated in web.expasy.org/peptide_mass. b Experimental molecular masses 

determined by MALDI-TOF MS. c Fragment not found. 

 
 
 
 
 
Movie S1. Projection of the 3D structures formed after laminin self-polymerization, under neutral 

conditions, on mPEG rhNtA-SAMs. The projection was generated from a series of confocal optical 

slices (the same shown in Fig. 5B left panel) using ImageJ software (AVI).  

Movie S2. Projection of the 3D structures formed after laminin self-polymerization, under neutral 
conditions, on SGA-SAMs. The projection was generated from a series of confocal optical slices (the 

same shown in Fig. 5B right panel) using ImageJ software (AVI).  
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Abstract 

Laminin incorporation into biological or synthetic hydrogels has been explored to 

recapitulate the dynamic nature and biological complexity of neural stem cell (NSC) niches. 

However, the strategies currently explored for laminin immobilization within three-

dimensional (3D) matrices do not address a critical aspect influencing cell-matrix 

interactions, which is the control over laminin conformation and orientation upon 

immobilization. This is a key feature for the preservation of the protein bioactivity. In this 

work, we explored an affinity-based approach to mediate the site-selective immobilization 

of laminin into a degradable synthetic hydrogel. Specifically, a four-arm maleimide 

terminated poly(ethylene glycol) (PEG-4MAL) macromer was functionalized with a mono-

PEGylated recombinant human N-terminal agrin (NtA) domain, to promote high affinity 

binding of laminin. Different NtA concentrations (10, 50 and 100 µM) were used to 

investigate the impact of NtA density on laminin incorporation, hydrogel biophysical 

properties, and biological outcome. Laminin was efficiently incorporated for all the 

conditions tested (laminin incorporation > 95%), and the developed hydrogels revealed 

mechanical properties (average storage modulus (G’) ranging from 187 to 256 Pa) within 

the values preferred for NSC proliferation and neurite branching and extension. Affinity-

bound laminin PEG-4MAL hydrogels better preserve laminin bioactivity, compared to 

unmodified hydrogels and hydrogels containing physically entrapped laminin, being this 

effect dependent on NtA concentration. This was evidenced by the 10 µM NtA-

functionalized PEG-4MAL gels incorporating laminin that support enhanced human NSC 

proliferation and neuronal network formation, compared to the latter. Overall, this work 

highlights the potential of the proposed engineered matrices to be used as defined 3D 

platforms for the establishment of artificial NSC niches and as extracellular matrix-mimetic 

microenvironments to support human NSC transplantation. 
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1. Introduction 

Neural stem cells (NSCs) hold great potential for application in regenerative medicine and 

tissue engineering, specifically for the treatment of central nervous system (CNS) disorders 

(e.g. traumatic brain and spinal cord injury and neurodegenerative diseases, such as 

Parkinson’s and Alzheimer’s disease) [1-3]. NSCs reside within a dynamic and complex 

microenvironment, the NSC niche, where cell-cell interactions and local microenvironmental 

cues, including those from neighboring cells, humoral factors and extracellular matrix 

(ECM), regulate stem cell behavior [4-6]. However, the intrinsic regulatory mechanisms 

allowing NSCs to integrate this complex array of signals remain poorly understood, as the 

traditional culture systems are unable to recapitulate several important features of these 

microenvironments [7]. Therefore, the development of new platforms providing a better 

understanding of the role of different niche components on the modulation of NSC fate is 

highly desirable. This will be highly advantageous to better understand and overcome some 

of the main drawbacks limiting the efficacy of current stem cell-based therapies. These 

limitations include low cell survival, lack of control of cell fate, and poor cell engraftment 

within the host tissue after transplantation [8]. Different three-dimensional (3D) cell culture 

systems, including spheroids, porous scaffolds and hydrogels [9, 10], have been explored. 

These platforms replicate some of the physical and chemical elements of the native stem 

cell niche and provide valuable insights into cell physiology and interactions with the 

surrounding microenvironment. Among the different platforms explored, hydrogels 

constitute the most widespread option, as they are well-defined and tunable matrices that 

share many key physical properties with native ECM [7], including high-water content, and 

permeability and elasticity resembling those of soft tissue microenvironments [11, 12]. 

Indeed, different studies already explored both natural and synthetic polymer-based 

hydrogels mimicking critical aspects of NSC niches [13-16]. However, their use as 

permissive microenvironments for cell culture and transplantation is still a challenge. One 

of the main caveats is related with the inability to control cell spatial organization within the 

developed matrices, as this is highly dependent not only on the dynamic modulation of cell-

cell interactions but also cell-matrix interactions [4-7]. In this sense, in the last few years the 

use of hybrid hydrogels, which combine the bioactivity and the dynamic responsiveness of 

natural proteins, with the tunable and reproducible structural and mechanical features 

provided by synthetic polymers, have been the focus of significant research [12]. 

Laminin has a key role in the modulation of NSC behavior, including cell adhesion and 

viability [17], and neuronal outgrowth and migration [18-20]. Furthermore, laminin has other 

paramount roles in CNS homeostasis, such as synapse function and stability [21, 22]. This 

makes this heterotrimeric glycoprotein highly attractive for the design of NSC niche 
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microenvironments. Indeed, some works already explored laminin immobilization onto 

different biological and synthetic materials [23]. However, the non-selective nature of the 

immobilization strategies explored to date (i.e. physical entrapment or non-selective 

covalent immobilization) prevents the control over laminin orientation and conformation 

upon immobilization. This may compromise the exposure of crucial laminin bioactive 

epitopes and consequently, limit its ability to modulate cellular behavior, making these 

matrices ill-suited to get insight for controlled studies of cell-laminin interactions. Therefore, 

laminin immobilization strategies that assure both conformation and bioactivity are highly 

desirable. To fulfill these requirements, we previously proposed an affinity-based approach 

for laminin immobilization [24, 25], which takes advantage of the native high-affinity 

interaction (dissociation constant (KD) = 5 nM) between laminin and the human N-terminal 

agrin (hNtA) domain [26, 27]. Using self-assembled monolayers, we showed that the site-

selective immobilization of laminin better preserves its bioactivity, when compared to non-

selective covalent immobilization approaches. This immobilization method translated in an 

enhanced ability of laminin to polymerize and mediate human NSC (hNSC) adhesion and 

spreading [24]. Consequently, hNtA was herein explored for attaining the site-selective 

immobilization of laminin within a degradable synthetic hydrogel. A four-arm maleimide 

terminated poly(ethylene glycol) (PEG-4MAL) macromer was used as the hydrogel base 

material (Fig. 1), due to excellent cytocompatibility and in vivo tolerance [28-30], and well 

characterized biochemical and biophysical properties [30-32]. PEG-4MAL macromer was 

functionalized with a thiol-containing mono-PEGylated rhNtA (NtA) domain, for the site-

selective immobilization of laminin on hydrogels (Fig. 1). To allow the hNSC 3D culture that 

would span the time frame of hNSC proliferation and neuronal differentiation, a mix of 

protease degradable (cysteine-flanked matrix metalloproteinase 2 (MMP2)-sensitive 

peptide) [33] and non-degradable (PEG-dithiol) cross-linkers was used to mediate, under 

physiological conditions, the formation of a degradable hydrogel network (Fig. 1). 
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Figure 1. Schematic representation of the preparation of cell-laden affinity-bound laminin 

PEG-4MAL hydrogels (not to scale). PEG-4MAL macromer is firstly functionalized with a thiol-
containing mono-PEGylated rhNtA (NtA) domain, which will then mediate the binding of laminin with 

high affinity. Functionalized PEG-4MAL is then reacted with a mixture of protease degradable 

(MMP2-sensitive peptide) and non-degradable (PEG-dithiol) cross-linkers to allow the formation, 

under physiological conditions, of a hydrogel network in the presence of cells. 

The 3D synthetic matrices proposed in this work allow the controlled immobilization of 

laminin while preserving the exposure of key bioactive domains involved in NSC 

proliferation and outgrowth, which is promoted in the proposed hydrogels. Ultimately, these 

results highlight the potential of the engineered hydrogels to be used as artificial niches to 

support hNSC culture, and hopefully, transplantation. 
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2. Materials and Methods 

2.1. Hydrogel components 

A four-arm maleimide terminated poly(ethylene glycol) (PEG-4MAL; 40 kDa, > 95% purity,      

> 90% substitution, Jenkem USA) was chosen as the hydrogel base material. A macromer 

solution was prepared in 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) in phosphate buffered saline (PBS, pH 7.4) at a final polymer concentration of 

10.0% (w/v). Mono-PEGylated recombinant human N-terminal agrin (NtA) domain was 

produced as previously described [24]. Laminin-111 from mouse Engelbreth-Holm-Swarm 

sarcoma (msLn-111) was obtained from Sigma-Aldrich. A cysteine-flanked matrix 

metalloproteinase-2 (MMP2)-sensitive peptide (Acetyl (Ac)-

GDCDDSGESPAY¯YTADDCDG-Amide (NH2); 2.1 kDa, > 85% purity, GenScript) and a 

PEG-dithiol (3.5 kDa, ³ 95% purity, Jenkem USA) were used as the degradable and non-

degradable cross-linkers, respectively. 

2.2. Mono-PEGylated rhNtA tethering efficiency 

To determine the tethering efficiency of NtA to PEG-4MAL, free/unreacted thiols in the 

reaction mixture were quantified using the Measure-iT thiol assay kit (Invitrogen) according 

to the manufacturer’s instructions. Briefly, PEG-4MAL was functionalized with the NtA 

domain (input NtA concentration: 10, 50 or 100 μM) for 15 min in 10 mM HEPES in PBS 

(pH 7.4). The samples were then mixed with thiol-quantitation reagent in a black 96-well 

plate and the fluorescence measured (lex = 494 nm; lem = 517 nm) using a microwell plate 

reader (BioTekÒ Synergy™ Mx). A calibration curve of glutathione (0 – 55 µM) was used to 

calculate the concentration of free thiols. 

2.3. Preparation of affinity-bound laminin PEG-4MAL hydrogels 

A schematic representation of affinity-bound laminin PEG-4MAL hydrogel preparation is 

presented in Fig. 1. Briefly, PEG-4MAL was first functionalized with the NtA domain (input 

NtA concentration in the gel:10, 50, or 100 μM) for 15 min in 10 mM HEPES in PBS (pH 

7.4). msLn-111 (input laminin concentration in the gel: 100 µg/mL) was then added to the 

mixture and allowed to bind to NtA for 30 min. Functionalized PEG-4MAL precursors were 

then cross-linked into a hydrogel by addition of a mix of a MMP2-sensitive peptide and a 

PEG-dithiol prepared in 10 mM HEPES in PBS (pH 6.5), at different % molar ratios (100:0; 

80:20; 50:50; 20:80; 0:100). The cross-linkers were added at a 1:1 molar ratio of cysteine 

residues on the cross-linkers to remaining maleimide groups on NtA-functionalized PEG-

4MAL. Hydrogels were polymerized at 37 ºC, 5% CO2 for 15 min. Unmodified PEG-4MAL 

gels and PEG-4MAL gels containing entrapped msLn-111 (100 µg/mL) were also prepared 

and used as controls. 
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2.4. Laminin incorporation within PEG-4MAL hydrogels 

Laminin incorporation within PEG-4MAL hydrogels was quantified by an enzyme-linked 

immunosorbent assay (ELISA). The hydrogels were prepared as previously described and 

incubated at 37 ºC in 125 µL of PBS (pH 7.4). At day 1 and 7, the supernatant was collected, 

stored at -80 ºC and then analyzed using a mouse laminin ELISA kit (Abcam, ab119572) 

according to the manufacturer’s instructions. Absorbance values were measured at 450 nm 

using a microwell plate reader (BioTekÒ Synergy™ Mx). 

2.5. Rheological properties and mesh size estimation of affinity-bound laminin PEG-

4MAL hydrogels 

The rheological properties of PEG-4MAL hydrogels were characterized using a strain-

controlled Kinexus Pro Rheometer (Malvern Instruments Ltd, Malvern, UK) and an 8 mm 

diameter parallel-plate geometry. Hydrogels for each condition (Æ 8 mm) were prepared as 

previously described, and allowed to hydrate in PBS (pH 7.4) at 37 ºC for 24 h. The samples 

were then tested in a humidified environment at physiological temperature (37 ºC) and with 

application of 30% compression (oscillatory measurement gap). Amplitude strain sweeps 

(0.1 – 100% at 0.1 Hz) were initially performed for each condition to define the linear 

viscoelastic region (LVR). Frequency sweeps (0.01 – 10 Hz at 1% strain) were then 

performed and the storage (G’), loss (G’’) and complex (G*) modulus, as well as the phase 

angle (d, º) were determined within the LVR, by averaging all data points acquired from a 

0.01 – 1 Hz interval. The relative mesh size (nm) value was estimated using the following 

equation [34]: 

! = ($
%&
'( )

*+, 

where G’ = storage modulus in Pa, A = Avogadro’s constant (6.022140857 ´ 1023 mol-1), R 

= gas constant (8.314 m3.Pa.mol-1.K-1), T = temperature (37 ºC = 310.15 K). 

2.6. Culture of human neural stem cells 

Human neural stem cells (hNSCs) derived from the NIH approved H9 (WA09) human 

embryonic stem cell line were purchased from Life Technologies (N7800-200). Cells were 

expanded according to the manufacturer’s protocol on poly(ornithine)/msLn-111-coated 

tissue coated polystyrene (TCPS) plates (Corning) in expansion medium - StemProÒ NSC 

serum-free medium (SFM; Life Technologies) supplemented with basic fibroblast growth 

factor (bFGF, 20 ng/mL; Life Technologies) and epidermal growth factor (EGF, 20 ng/mL; 

Life Technologies). 
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2.7. Culture of hNSCs within affinity-bound laminin PEG-4MAL hydrogels 

hNSCs were dissociated into single cells using StemPro accutase cell dissociation reagent 

(Life Technologies) and further suspended in the solution containing laminin-functionalized 

PEG-4MAL precursors (4 x 106 viable cells/mL). Cell-laden hydrogels were formed by 

mixing the PEG-4MAL precursor solution containing cells with the MMP2-sensitive peptide 

and PEG-dithiol cross-linkers, dissolved in 10 mM HEPES in PBS (pH 6.5), at different 

molar ratios (%), and subsequently incubating the polymerizing gels at 37 ºC, 5% CO2 for 

15 minutes. hNSCs were initially cultured in expansion medium and, at day 2 of culture, the 

medium was switched to the StemPro NSC SFM media-Neurobasal/B27 (Life 

Technologies) (1:1) mix, without growth factors. At day 8, half of the medium was replaced 

by the StemPro NSC SFM-Neurobasal/B27 (1:3) mix supplemented with 10 ng/mL of brain-

derived neurotrophic factor (BDNF; Peprotech) and 500 µM of N6, 2’-O-Dibutyryladenosine 

3’, 5’-cyclic monophosphate sodium salt (dibutyril cAMP; Sigma). Half of the medium was 

changed every other day, up to 14 days. hNSCs cultured within unmodified and PEG-4MAL 

gels containing entrapped msLn-111 (100 µg/mL) were herein used as controls. 

2.8. Cell viability 

The distribution of viable and dead cells within PEG-4MAL hydrogels was assessed at day 

7 of cell culture using a live/dead assay. Cell-hydrogel matrices were rinsed with warm PBS 

pH 7.4 and incubated with 4 µM calcein AM (Life Technologies) and 6 µM propidium iodide 

(PI; Life Technologies) at 37 ºC for 30 min, for detection of viable and dead cells, 

respectively. After incubation, the samples were rinsed twice with PBS pH 7.4, transferred 

to the culture medium, and immediately observed under confocal laser scanning 

microscopy (CLSM, Leica TCS SP5). Quantitative analysis of live and dead cells was also 

conducted using immunocytometry (See Supplementary Materials and Methods). 

2.9. DNA quantification 

The growth of hNSCs cultured within PEG-4MAL hydrogels was estimated from total cell 

number after 7 days of cell culture, determined using the CyQUANT® cell proliferation assay 

kit (Life Technologies) according to the manufacturer’s instructions. Briefly, cells were 

extracted from the hydrogels, through sequential incubation with 1.25 mg/mL of collagenase 

type II (Gibco; 1 h at 37 ºC) and StemPro accutase cell dissociation reagent (Life 

Technologies; 20 min at 37 ºC) under stirring (70 rpm). Cells were mechanically dissociated 

by pipetting, diluted in Glasgow Minimum Essential Medium (GMEM; Life Technologies) 

supplemented with 10% (v/v) inactivated fetal bovine serum (FBS), centrifuged and the cell 

pellet stored at -80 ºC. The cell pellet was then thawed at room temperature (RT) and 

incubated with CyQUANT® GR dye/cell lysis buffer. Fluorescence (lex = 480 nm; lem = 520 
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nm) was measured, after mixing with CyQUANT GR dye, in a microwell plate reader 

(BioTekÒ Synergy™ Mx). The total number of cells for each condition was estimated from 

a standard curve generated with a known amount of hNSCs over a range of 50 to 250,000 

cells. Cell samples used to generate the standard curve were measured in triplicate. For 

each condition, hydrogels without cells, cultured in parallel and processed similarly to those 

with cells, were used as blanks and their background fluorescence values subtracted. 

2.10. hNSC neurite outgrowth  

The effect of laminin site-selective immobilization on neurite outgrowth was assessed after 

14 days of culture, under neuronal differentiation conditions. Samples were processed as 

whole-mounts for bIII-tubulin/DNA staining as described in Supplementary Materials and 

Methods, and z-sections covering a thickness of 200 µm or 80 µm were acquired with the 

CLSM using an HC Plan APO CS 10´ / 0.40 NA or HC Plan APO CS 20´ / 0.70 NA 

objective, respectively. Neurite outgrowth was assessed in the projected two-dimensional 

(2D) images using a developed ImageJ script. Briefly, nuclei were segmented through an 

Otsu thresholding method, while neurites were segmented through subtraction of the 

previously identified nucleus, using a Huang thresholding method. Measurements were 

obtained for total neurite length (µm) and total number of neurites per image.  

2.11. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6 software (San Diego). Sample 

distribution was initially tested for normality using the Kolmogorov-Smirnov test. 

Comparisons between three or more groups were performed with one-way ANOVA 

analysis, followed by the Bonferroni correction for pairwise comparisons or the Dunnett’s 

two-tailed test for comparisons with control conditions. For all analysis, differences were 

considered significant at p < 0.05. 

 

3. Results and Discussion 

3.1. PEG-4MAL hydrogels provide independent control of different biochemical and 

biophysical properties  

A hydrogel platform based on a PEG-4MAL macromer (Fig. 1) was selected as the base 

material for this work, as we have seen it exhibits excellent in vitro and in vivo 

biocompatibility with different cell types, including muscle stem cells [30] and pancreatic 

islets [28]. Moreover, the modular nature of PEG-4MAL hydrogels allows independent 

control over different biochemical and biophysical properties such as type and density of 

cell-adhesive ligands, mechanical and structural properties, and protease-dependent 

degradation [30-32]. Therefore, the use of these matrices is especially advantageous to 
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assess the effect of a particular biochemical or biophysical cue on the modulation of cell 

behavior. In addition, the biophysical properties of these hydrogels were extensively 

characterized in several studies from the García group [30-32]. The described properties 

allowed us to initially define the molecular weight (40 kDa) and the final polymer density 

(10% (w/v) of the PEG-4MAL macromer, that would result in hydrogels with mechanical 

properties within the range of values preferred for NSC proliferation (100 – 1000 Pa) and 

neurite branching and extension (200 – 400 Pa) [35-40]. 

3.1.1. Control over affinity-bound laminin PEG-4MAL hydrogel degradability is 
required for hNSC long-term culture 
Hydrogel degradability, a critical factor for matrix remodeling, was shown to be essential for 

in vitro cell survival and proliferation within synthetic niches [16, 30, 32] and, therefore, is a 

key feature to take into consideration when designing cell instructive microenvironments. In 

this context, the incorporation of protease-sensitive peptide cross-linkers has been widely 

explored to better control material degradation [33]. Among the different protease-

degradable peptides characterized to date, a fast-degrading sequence shown to be 

relatively specific for MMP2 [33] was used, as this metalloproteinase is expressed at high 

levels by NSCs [41, 42]. 

The fast gelation kinetics of the thiol-maleimide reaction (Michael-type addition; Fig. 1) may 

lead to the formation of heterogeneous hydrogels, which in turn can translate into variable 

cell biological outcomes [43]. Consequently, to increase the pKa of the thiol group and 

thereby reduce the availability of the reactive thiolate [43], the di-thiol-containing MMP2-

sensitive cross-linker peptide used in this work, was designed to include negatively charged 

amino acids flanking the thiol-bearing cysteine residue (DCDD). This strategy allowed the 

thorough mixing of the hydrogel precursor solutions prior to use. 

The fast-degrading nature of the selected MMP2 sequence, combined with the high levels 

of MMP2 production by NSCs, led us to hypothesize that fully degradable hydrogels might 

not be able to support the 3D culture of hNSCs, up to 14 days. To test this hypothesis, 

affinity-bound laminin hydrogels cross-linked by addition of a MMP2-sensitive peptide 

(degradable) and a PEG-dithiol (non-degradable) at different % molar ratios (100:0; 80:20; 

50:50; 20:80; 0:100) were evaluated and the combination allowing the hNSC 3D culture that 

would span the time frame of hNSC proliferation and neuronal differentiation established. 

hNSCs showed a significantly higher number of viable cells, with cellular extensions at day 

14 of cell culture, in gels formulated with a combination of degradable and non-degradable 

cross-linkers, specifically for the 80% MMP2-sensitive peptide to 20% PEG-dithiol cross-

linker molar ratio, when compared to fully degradable hydrogels (p = 0.018 vs. 100:0 cross-



CHAPTER VI | Engineering Hydrogels with Affinity-Bound Laminin as 3D Neural Stem Cell Culture 
Systems 
 

 179 

linker molar ratio (%); Fig. S1, in Supplementary Data). As such, all subsequent studies 

were performed using this degradable and non-degradable cross-linkers molar ratio (%). 

3.1.2. Mono-PEGylated rhNtA (NtA) mediates efficient site-selective laminin 
incorporation 
Maleimide groups in PEG-4MAL macromer efficiently react with thiol-containing peptides 

through Michael-type addition [31]. This enables a fine-tuning over ligand incorporation and 

cross-linking efficiency, ultimately leading to the formation of structurally defined matrices. 

To favor the site-selective immobilization of laminin, PEG-4MAL was first reacted with a 

thiol-containing NtA domain (Fig. 1). This domain was tethered onto the PEG-4MAL 

macromer with high yields, for all the concentrations tested (10, 50 and 100 µM), evidencing 

a precise control over NtA density (Fig. 2A). The effect of different NtA concentrations on 

laminin incorporation within hydrogels was then assessed. Efficient laminin incorporation 

was observed for all the NtA concentrations tested, as evidenced by ELISA results 

(incorporation efficiency > 95%, determined after 1 and 7 days of incubation in PBS; Fig. 

2B). We hypothesize that the lack of significant differences between laminin entrapped vs. 

immobilized can be explained by limitations on protein diffusion imposed by the reduced 

hydrogel mesh size (20 – 30 nm), which will hinder the diffusion of laminin due to its high 

hydrodynamic diameter (@ 42 nm) [44, 45]. 

 
Figure 2. Effect of NtA concentration on laminin incorporation A) Density of NtA tethered to 

PEG-4MAL hydrogel as a function of input NtA concentration. Linear regression: y = 0.9954 x + 

0.1115; R2 = 0.9999. Data represent mean ± standard deviation (SD) of three hydrogels prepared 

independently. B) Laminin incorporation by physical entrapment (Entrap) or by immobilization using 

an affinity binding ligand (Immob) into PEG hydrogels, determined by ELISA, after 1 and 7 days of 

incubation in PBS. Data represent mean ± SD of three hydrogels prepared independently. No 

significant differences were detected (two-way ANOVA). 

As free thiol groups in laminin could also react with maleimide groups from PEG-4MAL and 

thus contribute to the laminin immobilization into PEG-4MAL hydrogels, the availability of 
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free/unreacted thiols in laminin stock solution (pH 7.4) was assessed. Free thiols were not 

detected (< 2.75 μM, the lower detection limit of the assay), indicating that the molar ratio 

of free thiols in laminin was less than 0.22%, and assuring minimal contribution of laminin 

free thiol groups to laminin incorporation into PEG-4MAL hydrogel. 

3.1.3. The approach used for laminin incorporation impacts hydrogel mechanical and 
structural properties 
Hydrogel mechanical and structural (equilibrium swelling and mesh size) properties have a 

key role on the modulation of different cellular functions (e.g. survival, proliferation, and 

differentiation) [30-32], as well as in the stability of the hydrogel in vivo [35-40, 46]. The fine 

control of these properties is, therefore, crucial to direct neural stem cell fate [35, 38-40]. 

The effect of the binding ligand (NtA) density and laminin incorporation on hydrogel 

mechanical properties and structure (mesh size) was assessed through rheological studies. 

All the prepared hydrogels presented Storage modulus (G’) > Loss modulus (G’’) (Table 1), 

showing that PEG-4MAL has transitioned from a viscous liquid to a gelled state. Moreover, 

the hydrogels presented a “solid-like” behavior after 24h at 37 ºC, as evidenced by the 

values of phase angle (d) below 10º (Table 1), meaning that the viscoelastic properties of 

the hydrogels were stable for the conditions tested. 

 
Table 1. Storage modulus (G’), Loss modulus (G’’) and Phase angle (d,º) of hydrogels determined 

by rheological analysis. Data represent mean ± Standard error of the mean (SEM); n = 6. 

Hydrogel 

Input NtA 

concentration 

(µM) 

Storage Modulus 

(G’, Pa) 

Loss Modulus 

(G’’, Pa) 
Phase Angle (d, º) 

 Unm - 259.1 ± 13.8 10.6 ± 1.7 2.3 ± 0.2 

m
s
L

n
-1

1
1 

Entrap - 314.0 ± 16.3 9.3 ± 0.3 2.1 ± 0.1 

Immob 

10 256.0 ± 14.2 10.0 ± 0.0 2.3 ± 0.1 

50 213.9 ± 16.4 10.3 ± 1.7 2.8 ± 0.4 

100 187.0 ± 29.5 10.3 ± 0.7 3.7 ± 0.7 

The covalent immobilization of increasing concentrations of NtA (from 10 to 100 µM) led to 

a trend for reduced in the storage modulus (G’) (Table 1) and to the formation of a slightly 

looser polymer network, as evidenced by the tendency for larger mesh size values (Fig. 

3B). The tethering of NtA reduces the number of maleimide-terminated PEG chains 

available for cross-linking, thus reducing the number of cross-linking points. This is in an 

excellent agreement with the trend for a lower stiffness observed with increasing 
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concentrations of NtA (Fig. 3A). These results suggest that the approach used for laminin 

incorporation (physical entrapment vs. affinity immobilization) impacts the hydrogel 

mechanical and structural properties. Results presented are consistent with previous 

studies, exploring PEG-diacrylate hydrogels, in which it was shown that the covalent 

immobilization of laminin through a PEG chain significantly reduces the hydrogel stiffness, 

as opposed to the physical entrapment of the protein [47].  

 

 
Figure 3. Influence of laminin incorporation approach (physical entrapment vs. affinity 

immobilization) on PEG-4MAL hydrogel mechanical and structural properties. A) Complex 
modulus (G*) of hydrogels determined by rheological analysis; and B) Estimation of hydrogels mesh 

size, based on the measured storage modulus (G’). Data represent mean ± SEM; n = 6; one-way 

ANOVA followed by Bonferroni’s test. 

3.2. Affinity-bound laminin PEG-4MAL hydrogels support hNSC culture and 

biological function 

The potential of PEG-4MAL hydrogels incorporating affinity-bound laminin to support hNSC 

biological function, namely viability, proliferation, and outgrowth, was subsequently 

investigated. Laminin incorporation within PEG-4MAL hydrogels using 10 and 50 µM NtA, 

favored the formation of stiffer hydrogels (Fig. 3A), able to better support hNSC culture for 

longer periods (up to 14 days). As result, these hydrogels were used to perform the 

qualitative and quantitative analysis of cell behavior. PEG-4MAL hydrogels unmodified or 

containing physically entrapped laminin were also prepared and used as controls. 

3.2.1. Laminin-modified hydrogels support hNSC survival and proliferation 
To get insight into the effect of controlled immobilization of laminin on hNSC survival and 

proliferation, cells were cultured for 7 days within degradable PEG-4MAL hydrogels with 

either entrapped or immobilized laminin. Confocal microscopy showed the presence of live 

cells widely distributed throughout all hydrogels, often growing as cellular spheroids (Fig. 

4A). The quantitative analysis of live/dead cells, assessed by flow cytometry, showed values 
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of average cell viability greater than 75% for all the conditions tested, evidencing the good 

cytocompatibility of the proposed matrices (Fig. 4B) [48]. 

In contrast to the physical entrapment of laminin, site-selective immobilization of laminin 

using 10 µM and 50 µM NtA supported higher hNSC growth compared to unmodified 

hydrogels, with significantly higher cell numbers being observed in 10 µM NtA - laminin 

immobilized hydrogels (p = 0.0180) (Fig. 4C). An increase in the cell number of 1.5-, 1.9-, 

4.2- and 3.1-fold (vs. initial cell density - 4 ´ 104 cells/hydrogel) was observed for 

unmodified, laminin entrapped, 10 µM and 50 µM NtA - laminin immobilized hydrogels, 

respectively (Fig. 4C). Since laminin incorporation in PEG-4MAL hydrogels was similar 

regardless of being physically entrapped or affinity-bounded (Fig. 2B), these results suggest 

that the site-selective immobilization of laminin through the use of 10 µM of NtA, better 

preserved the exposure of laminin domains interacting with cell adhesion receptors, as 

compared to laminin physically entrapped. 

 
 

Figure 4. Ability of affinity-bound laminin to support hNSC viability and proliferation. A) 

Representative 2D projections of CLSM 3D stack images of cell-laden hydrogels covering a 

thickness of 300 µm, showing the distribution of live (in green) and dead (in red) cells at day 7 of cell 

culture. Scale bar = 300 µm. B) Quantitative analysis of live cells at day 7, as determined by flow 

cytometry. Data represent mean ± SD of three independent experiments. No significant differences 
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were detected (one-way ANOVA followed by Bonferroni’s test). C) Quantitative analysis of total cell 

number at day 7, as determined by CyQuant® Cell Proliferation kit. The dotted line represents the 

initial cell density/hydrogel (4 ́  104 cells/hydrogel). Data represent mean ± SEM of three independent 

experiments performed in triplicate; one-way ANOVA followed by Bonferroni’s test. 

3.2.2. Controlled laminin immobilization promotes neurite outgrowth 
Laminin presents several bioactive domains with neurite outgrowth promoting ability, and, 

as a result, plays a key role in mediating NSC migration, differentiation and neurite 

extension both in vitro and in vivo [18, 20]. The effect of laminin site-selective immobilization 

on hNSC neurite outgrowth was assessed after 14 days of culture under differentiation 

conditions (Fig. 5). A population of differentiated neurons, expressing bIII-tubulin, with the 

evident formation of a denser neuronal network, was observed within 10 µM NtA affinity-

immobilized laminin PEG-4MAL hydrogels (Fig. 5A). Differences between the conditions 

tested were assessed by image processing and quantitative analysis, using ImageJ/Fiji. 

Total neurite length (µm) and total number of neurites were quantified (Fig. 5B-D). The 

controlled immobilization of laminin using 10 µM NtA supported a more pronounced 

neuronal network formation, compared with any of the other conditions tested, as evidenced 

by the higher values of total neurite length (p = 0.0035 vs. Unm; p = 0.0152 vs. Entrap; Fig. 

5B) and total number of neurites (p = 0.0007 vs. Unm; p = 0.0079 vs. Entrap; Fig. 5C). The 

use of 50 µM NtA, despite leading to similar amounts of laminin incorporation (Fig. 2B), 

resulted in significantly lower values of total neurite length (p = 0.0056; Fig. 5C) and total 

number of neurites (p = 0.0073; Fig. 5D) compared to 10 µM NtA affinity-bound laminin. 

The reduction in neurite outgrowth (Fig. 5C-D) and the reduction in cell number (Fig.4C) 

observed for cells cultured within hydrogels with 50 µM NtA - immobilized laminin may be 

related with the inability of the protein to bind the NtA domain, as result of steric effects. The 

results obtained contrast to previous studies in which no significant differences on neurite 

outgrowth were observed when laminin was covalently immobilized using a non-selective 

approach, vs. physically entrapped laminin [47]. This gives a good indication that the 

strategy proposed in this study, indeed, potentiate laminin bioactivity.  
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Figure 5. Affinity-bound laminin PEG-4MAL hydrogels and its effect on hNSC neurite 

outgrowth. A) hNSCs cultured within unmodified (Unm), laminin physically entrapped (Entrap) and 
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NtA affinity-bound laminin (Immob) PEG-4MAL hydrogels after 14 days of culture, under 

differentiation conditions. Images show 2D projections of CLSM 3D stack images of cells processed 

for immunofluorescence labeling of bIII-tubulin/DNA covering a thickness of 200 µm (top images) 

and 100 µm (bottom images). Lower panels show magnified views of selected regions highlighted 

by dashed squares in the upper panel. Arrows depict neurites expressing bIII-tubulin protruding from 

neurospheres. Scale Bar = 200 µm (top images); 100 µm (bottom images). B) Representative 2D 

projections of CLSM 3D stack images of hNSC outgrowth, covering a thickness of 80 µm, after 14 

days of culture under differentiation conditions. Scale Bar = 80 µm. B) Total Neurite Length; and C) 

Total Number of Neurites determined by quantitative analysis of images acquired in CLSM. Data 

represent mean ± SD of 12-15 images analyzed per condition; one-way ANOVA followed by 

Bonferroni’s test. 

Overall, these results clearly demonstrate that the site-selective immobilization of laminin 

through the use of 10 µM NtA better preserved protein bioactivity in terms of ability to 

promote hNSC proliferation and outgrowth, when compared to laminin physically 

entrapped. 

4. Conclusion 

The present work demonstrates the potential of a PEG-4MAL hydrogel modified with 

affinity-bound laminin as a dynamic 3D platform enabling NSC proliferation and 

differentiation. The proposed strategy allows the oriented and controlled immobilization of 

laminin, with preservation of protein bioactivity, thus overcoming some of the main 

drawbacks associated with the currently available strategies (i.e. physically entrapment and 

non-selective covalent immobilization). Moreover, the immobilization approach used in this 

work is highly versatile, as result of the ability of NtA to bind with high affinity to different 

laminin isoforms comprising the g1 chain, which represents more than 50% of the isoforms 

identified to date. Therefore, the reported 3D matrices can be used for the site-selective 

immobilization of different laminin isoforms and used for the study of cell-laminin 

interactions occurring in different stem cell niches and disease contexts. These hydrogels 

can be also of interest to provide a controlled niche with instructive cues to improve survival, 

engraftment and long-term function of transplanted stem cells; for the creation of tissue-

engineered constructs; and for the development of cell expansion and biomanufacturing 

systems. 
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SUPPLEMENTARY DATA 

Supplementary Materials and Methods 

Screening Degradable (SGESPAY¯YTA) : Non-degradable (PEG-dithiol) cross-linker molar 

ratio (%) 

After 14 days in culture, the viability of human neural stem cells (hNSCs) within hydrogels 

cross-linked with different molar ratios (%) of cysteine-flanked matrix metalloproteinase-2 

(MMP2)-sensitive peptide (SGESPAY¯YTA) and PEG-dithiol was assessed using a 

Live/Dead assay, performed according the protocol described in section 2.8. Average 

occupied area (µm2) by live (Calcein+) cells was assessed in the projected two-dimensional 

(2D) images through the application of an Otsu thresholding method and determination of 

the total area occupied by cells in each image. 

Cell viability - Immunocytometry 

Quantitative analysis of cell viability was conducted by immunocytometry performed in six-

pooled hydrogels, after hydrogel dissociation. Briefly, the hydrogels were sequentially 

incubated with 1.25 mg/mL of collagenase type II (Gibco; 1h at 37 ºC) and StemPro 

accutase cell dissociation reagent (Life Technologies; 20 min at 37 ºC) under stirring (70 

rpm). Cells were mechanically dissociated by pipetting, diluted in Glasgow Minimal 

Essential Medium (GMEM; Life Technologies) supplemented with 10% (v/v) inactivated 

fetal bovine serum (FBS) and centrifuged. For live/dead staining, cells were then transferred 

to a round-bottomed 96-well plate and stained with calcein AM (67 nM, 20 min at 37 ºC) 

and propidium iodide (PI; 6 µM, 10 min at 37 ºC). Cells were finally washed trice and 

suspended in FACS buffer (PBS pH 7.4 supplemented with 2% (v/v) FBS) for flow cytometry 

analysis on BD FACSCantoTM II (BD Biosciences). Unlabeled cells were used to set the 

fluorescence gates and cells stained with calcein AM and PI only were used to establish 

the compensation settings. For each flow cytometry analysis, 10,000 events were acquired 

inside the respective gate. 

Neurite outgrowth - Immunohistochemistry 

The ability of hNSCs to extend neurites was assessed after 14 days of cell culture, under 

differentiation conditions, in samples processed for bIII-tubulin/DNA staining. Cell-laden 

hydrogels were fixed in 3.7% (w/v) paraformaldehyde (PFA) solution diluted 1:1 in culture 

media (30 min; 37 ºC) and permeabilized with 0.2% (v/v) Triton X-100 in PBS (45 min; room 

temperature (RT)). Samples were then incubated with blocking buffer (5% (v/v) bovine 

serum albumin (BSA) in PBS) for 1 h at RT, followed by incubation with the primary antibody 

– mouse anti-bIII-tubulin (1:500; Biolegend, 801201), overnight at 4 ºC. To detect primary 
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antibodies, samples were incubated with Alexa Fluor® 488 conjugated anti-mouse 

secondary antibody (1:1000; Life Technologies, A21202) overnight (ON) at 4 ºC. The nuclei 

were counterstained with 0.1 µg/mL Hoechst 33342 (Life Technologies, H1399) for 20 min 

at RT. Samples were observed under confocal laser scanning microscopy (CLSM; TCS 

SP5II; Leica Microsystems). 

Supplementary Figures 

 

Figure S1. Optimization of MMP2-sensitive peptide (SGESPAY¯YTA): PEG-dithiol molar ratio 

(%) in affinity-bound laminin PEG-4MAL hydrogels (50 μM NtA; 20 μg/mL rhLn-521 

(Biolamina)). A) Representative 2D projections of CLSM three-dimensional (3D) stack images of 

cell-laden affinity-bound laminin PEG-4MAL hydrogels at day 14 of cell culture covering a thickness 

of 200 µm, showing the distribution of live (green) and/or dead (red) cells. Scale Bar = 200 µm. B) 

Calcein+ cells average occupied area (µm2) after 14 days of culture, as determined by quantitative 

image analysis of 2D projections of CLSM 3D stack images of cell-laden hydrogels incubated with 

calcein AM (viable cells) and PI (dead cells). Data represent mean ± standard error of the mean 

(SEM) of 6-9 images from two independent experiments; one-way ANOVA followed by Dunnett’s 
test (vs. 100:0) 
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Figure S2. Frequency sweep analysis of unmodified, physically entrapped laminin and affinity-bound 

laminin (10, 50 and 100 µM NtA) hydrogels after stabilization in PBS (pH 7.4) for 24 h. The analysis 

was performed within a frequency range of 0.01 – 10 Hz, at a constant strain of 1% and 37 ºC. Data 

represent mean ± standard deviation (SD); n = 6. 
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Abstract 

Laminin-521 (Ln-521) has a key role on the modulation of neural cell behavior and have shown 

potential to be used as a robust substratum for the culture and renewal of human embryonic 

and pluripotent stem cells. Despite the potential of this laminin isoform, to the best of our 

knowledge, no study to date has explored the immobilization of Ln-521 for the development 

of three-dimensional (3D) matrices for the culture of human neural stem cells (hNSCs). In this 

regard, and envisaging the development of a defined and whole-human 3D cell-instructive 

platform, capable of supporting hNSC differentiation and function, in this study we describe 

the preparation of a degradable synthetic hydrogel functionalized with affinity-bound 

recombinant human Ln-521. The proposed methodology introduces some modifications to the 

previously described approach for laminin immobilization, aiming the improvement of laminin 

binding to NtA and its impact on NSC behavior. Specifically, a mono-PEGylated recombinant 

human N-terminal agrin (NtA) domain was incubated with laminin and the resultant conjugate 

(NtA-Ln-521) was subsequently tethered to a four-arm maleimide terminated poly(ethylene 

glycol) (PEG-4MAL) macromer. The hydrogels were formed, under physiological conditions, 

through the use of a mixture of protease degradable and non-degradable cross-linkers. 

Affinity-bound laminin PEG-4MAL hydrogels were shown to better preserve laminin bioactivity, 

as evidenced by the enhanced ability to support neurite outgrowth, when compared to 

unmodified hydrogels and hydrogels with equal amount of physically entrapped laminin. 

However, in the latter case, significant differences were not attained. 

Overall, the results obtained show that the alternative approach herein proposed for laminin 

immobilization, can be used as an effective immobilization strategy for hydrogel 

biofunctionalization envisaging its use as defined platforms for hNSC culture. 
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Neural stem cells (NSCs) reside within a dynamic and complex microenvironment, the NSC 

niche, which provides a unique and specialized microenvironment, where cell-cell interactions 

and local microenvironmental cues, including those from extracellular matrix (ECM), soluble 

factors and cellular components, are key for the modulation of NSC function [1]. In this regard, 

in the last few years, there was an attempt to develop new platforms to allow the dissection of 

the role of individual or multiple components of the niche on the modulation of NSC function 

and fate. 

Laminin constitutes one of the most important ECM effectors of NSC niches [2, 3], as it 

provides important biological cues to different biological processes, including cell adhesion 

and viability [4] and neuronal outgrowth and migration [5-7]. Furthermore, laminin has other 

key roles in CNS homeostasis, as contributing to synapse function and stability [8, 9]. Several 

studies have already explored the incorporation of this ECM protein into three-dimensional 

(3D) cell-instructive microenvironments [10-17], by taking advantage of different 

immobilization strategies. The latter include non-covalent incorporation or physical 

entrapment or, alternatively, non-specific covalent immobilization by taking advantage of 

functional groups present in multiple sites of the laminin structure such as amines [10-14] and 

thiols [15-17]. Although such strategies are rather efficient, their application to immobilize 

proteins might be limited due to the lack of control over protein conformation and orientation 

upon immobilization, which often results in a reduction or loss of bioactivity. In this regard, in 

recent years, affinity-binding strategies have been increasingly explored to mediate highly site- 

and conformation-specific reactions for protein and peptide immobilization [18]. Besides 

allowing the retention of protein bioactivity, the versatility of this approach allows the 

generation of dynamic biomimetic microenvironments. An important factor to take into 

consideration when applying such strategies is the appropriate selection of the binding pairs. 

In this regard, different “artificial” moieties, including streptavidin, biotin, protein A, among 

others, have been widely explored for the development of 3D matrices with a broad 

applicability and specificity [19, 20]. Alternatively, natural binding partners have become an 

attractive alternative, as strong non-covalent interactions can be achieved without the need of 

the protein of interest to be either recombinantly or chemically modified [21, 22]. 

Laminin-521 (Ln-521) has a key role on the modulation of neural cell behavior, including 

neuronal adhesion, viability and network formation [4, 23]. Moreover, this laminin isoform 

demonstrated great potential to be used as a xeno-free substratum for the culture and renewal 

of human embryonic [24] and pluripotent [4] stem cells. Despite the potential of this laminin 

isoform, to the best of our knowledge, no study to date, explored its immobilization for the 

development of defined 3D matrices for the culture of human NSCs (hNSCs). In this regard, 

and envisaging the development of a whole-human 3D cell-instructive microenvironment, to 
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support hNSC fate and function, in this study we propose the development of an affinity-bound 

recombinant human Ln-521 (rhLn-521) degradable synthetic hydrogel, using an 

immobilization strategy previously proposed [25-27]. The proposed approach takes advantage 

of the well described native high affinity interaction between laminin and the N-terminal agrin 

(NtA) domain [28, 29]. A four-arm maleimide terminated poly(ethylene glycol) (PEG-4MAL) 

macromer was used as the hydrogel base material (Fig. 1), due to its good biocompatibility, 

both in vitro and in vivo [30-32], and well characterized biochemical and biophysical properties 

[32-34]. To allow the site-selective immobilization of laminin on the PEG-4MAL hydrogel, a 

thiol-containing mono-PEGylated rhNtA (NtA) domain was produced and characterized, 

showing high affinity for rhLn-521 (dissociation constant (KD) = 1.58 ± 0.41 nM) [25]. To enable 

the hNSC 3D culture that would span the time frame of hNSC proliferation and neuronal 

differentiation, a mix of protease degradable (cysteine-flanked matrix metalloproteinase 2 

(MMP2)-sensitive peptide) [35] and non-degradable (PEG-dithiol) cross-linkers was used to 

mediate, under physiological conditions, the formation of a degradable hydrogel network (Fig. 

1). The developed hydrogels were expected to allow the highly specific and orthogonal 

immobilization of laminin to form a cell-instructive microenvironment. Moreover, the versatility 

and dynamic nature of the proposed strategy can be further explored for the immobilization of 

different exogenous laminin isoforms, with application in distinct disease contexts, as well as 

to assess their exchangeability by endogenously secreted laminin. 
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Figure 1. Schematic representation of the preparation of cell-laden affinity-bound laminin PEG-

4MAL hydrogels (not to scale). A thiol-containing mono-PEGylated rhNtA (NtA) is firstly reacted with 
rhLn-521 and the formed conjugate subsequently tethered to a PEG-4MAL macromer. Functionalized 

PEG-4MAL is finally reacted with a mixture of protease degradable (MMP2-sensitive peptide) and non-

degradable (PEG-dithiol) cross-linkers to allow the formation, under physiological conditions, of a 

hydrogel network in the presence of cells. 

Preliminary studies, exploring the site-selective immobilization of rhLn-521 into a PEG-4MAL 

hydrogel, using a previously proposed approach [25-27], did not evidence a significant 

increase on hNSC neurite outgrowth, when compared to unmodified hydrogels and hydrogels 

with equal amount of physically entrapped laminin (Fig. S1, in Supplementary Data). In line 

with this outcome, we hypothesize that the lower bioactivity presented by the site-selective 

immobilized laminin could be related with the methodology explored for laminin incorporation 

into the hydrogel. Namely, in the previously reported immobilization scheme, a PEG-4MAL 

macromer is firstly functionalized with a thiol-containing mono-PEGylated rhNtA domain, 

which will then mediate the binding of laminin with high affinity. The hydrogel is subsequently 
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formed by cross-linking of the laminin functionalized PEG-4MAL. Therefore, in this work, we 

aimed to explore an alternative functionalization scheme. In the newly proposed approach the 

NtA domain is initially incubated with the rhLn-521 and the resultant conjugate tethered to a 

PEG-4MAL macromer (Fig. 1). This was proposed under the assumption that protein-protein 

interaction in solution would allow a more efficient and controlled immobilization of rhLn-521, 

even at lower concentrations. As maleimide groups efficiently react with thiol-containing 

moieties through Michael-type addition, one expects to have a finer control over the final 

conjugate incorporation. Different NtA concentrations (10, 50 and 100 µM) were initially used 

to determine the most suitable concentration allowing to have a finer control over the binding 

ligand (NtA) density/presentation and ultimately, over the amount of affinity-bound laminin.  

To evaluate the tethering efficiency of the NtA-rhLn-521 conjugates to the PEG-4MAL 

macromer and their further incorporation into the final hydrogels, radiolabeling studies were 

conducted. For that, both NtA and laminin were labeled with 125I, as described elsewhere [36], 

and then used for hydrogel preparation. The amount of NtA or laminin retained in each 

hydrogel was determined after 1 and 7 days, by measuring the gamma activity of the hydrogel 

at each time point. NtA tethering efficiency (Fig. 2A) or laminin incorporation (Fig 2B) was 

expressed as a percentage of the initial gamma activity of the hydrogel, prior to incubation in 

buffer. NtA domain was tethered onto the PEG-4MAL macromers with yields below 50%, for 

all the concentrations tested (10, 50 and 100 µM; Fig. 2A and Table S1 in Supplementary 

Data). Affinity-bound laminin revealed a laminin incorporation of 60% at day 1, which decrease 

to 40-50% at day 7 (Fig. 2B and Table S1 in Supplementary Data). Site-selective 

immobilization of laminin using 10 µM NtA favors a significant higher protein incorporation 

compared to that observed when 100 µM NtA domain was used (p = 0.0241, day 7). The same 

trend was also observed for hydrogels with physically entrapped laminin (p = 0.0146 vs. 

Immob 100 µM NtA, day 7). 
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Figure 2. Effect of NtA concentration on the A) Efficiency of NtA covalent tethering to PEG-4Mal after 

1 day of incubation in buffer; and B) Incorporation of affinity-bound laminin in PEG-4Mal hydrogels after 

1 or 7 days of incubation in buffer, determined using 125I-labeled NtA or laminin. The incorporation of 

laminin through physical entrapment is also shown. Data represent mean ± standard deviation (SD) of 

three independent experiments performed in duplicate; * two-way repeated measures ANOVA followed 
by Sidak’s test; # one-way ANOVA followed by Bonferroni’s test. 

The lower yields obtained were not expected and may be a consequence of steric effects 

resultant from the laminin high molecular weight (@ 800 kDa). More specifically, it is possible 

that the initial conjugation of laminin to the NtA domain have prevented the reaction of the thiol 

group from mono-PEGylated NtA with maleimide groups. On the other hand, higher 

concentrations of NtA may have led to the formation of disulfide bridges, between thiol groups 

from mono-PEGylated NtA, contributing for the decrease observed in laminin incorporation 

when increasing concentrations of the binding ligand (NtA) were used. Despite of the similar 

levels of laminin incorporation when using 10 µM or 50 µM NtA (Fig. 2A and B), the use of 50 

µM NtA concentration to selectively immobilize rhLn-521, resulted in a better biological 

outcome in terms of ability to support cellular outgrowth of hNSCs cultured within PEG-4MAL 

hydrogels (Fig. S2 in Supplementary Data). Therefore, all the studies from here on, were 

conducted using a 50 µM NtA concentration. 

The effect of the incorporation of affinity-bound rhLn-521 on PEG-4Mal hydrogels mechanical 

properties and structure (mesh size) was assessed by rheological studies. All the prepared 

hydrogels presented storage modulus (G’) > loss modulus (G’’) (Table S2 in Supplementary 

Data), an indication that PEG-4MAL transitioned from a viscous liquid to a gelled state. 

Moreover, laminin incorporation either by entrapment or affinity binding led to an increase in 

the complex modulus of the gels (G*; Fig. 3A), resulting in the formation of a significantly 
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tighter polymer network, as evidenced by the significantly decrease in mesh size (Fig. 3B), 

when compared to unmodified hydrogels. Nevertheless, the G* values found for hydrogels 

containing affinity-bound laminin lie well within the range of those reported for human brain 

tissue (100 – 1000 Pa) and preferred for neurite extension and branching (200 – 400 Pa) [37-

42]. 

 

 
Figure 3. Influence of affinity-bound laminin incorporation on PEG-4MAL hydrogel mechanical 

and structural properties. A) Complex modulus (G*) of hydrogels determined by rheological analysis; 

and B) Estimation of hydrogels mesh size, based on the measured storage modulus (G’). Data 

represent mean ± standard error of the mean (SEM); n = 6; one-way ANOVA followed by Bonferroni’s 

test. 

The bioactivity of hydrogels with affinity-bound rhLn-521 was subsequently evaluated, and 

compared with the performance of hydrogels containing entrapped laminin. For this purpose, 

hNSCs were cultured within degradable PEG-4MAL hydrogels with either soluble or affinity-

bound rhLn-521 (20 µg/mL) and cell viability and neurite outgrowth were assessed. 

Unmodified hydrogels were used as controls. The effect of the proposed strategy on hNSC 

survival was evaluated after 7 days of culture. Confocal analysis showed the presence of 

viable cells evenly distributed throughout the hydrogels, often growing as cellular spheroids, 

for all the conditions tested (Fig. 4A). The quantitative analysis of viable/unviable cells, 

assessed by flow cytometry upon cell isolation from hydrogels, showed fractions of viable cells 

greater than 75% for all the conditions tested, evidencing the good cytocompatibility of the 

proposed matrices (Fig. 4B) [43]. 

 



CHAPTER VII | An Alternative Approach to Engineer Synthetic Hydrogels with Affinity-Bound Laminin 
 

 205 

 

Figure 4. Affinity-bound laminin PEG-4MAL hydrogels and its effect on hNSC viability and 

neurite outgrowth. A) Distribution of viable (green) and dead (red) cells cultured within unmodified 

(Unm), laminin physically entrapped (Entrap) and NtA affinity-bound laminin (Immob) PEG-4MAL 

hydrogels was assessed at day 7 of cell culture, using a live/dead assay. Representative 2D projections 

of confocal laser scanning microscopy (CLSM) 3D stack images of cell-laden hydrogels covering a 

thickness of 200 µm, showing the distribution of live (green) and dead (red) cells. Scale bar = 200 µm. 

B) Quantitative analysis of live cells at day 7, as determined by flow cytometry. Data represent mean ± 

SD of three independent experiments. C) hNSCs cultured within unmodified (Unm), rhLn-521 physically 

entrapped (Entrap) and 50 µM NtA-affinity-bound rhLn-521 (Immob) PEG-4MAL hydrogels after 14 

days of culture, under differentiation conditions. Images show 2D projections of CLSM 3D stack images 

of cells processed for immunofluorescence labeling of bIII-tubulin/DNA and covering a thickness of 200 

µm (top images) and 100 µm (bottom images). Scale Bar = 200 µm (top images); 100 µm (bottom 

images). D) Total Neurite Length; and E) Total Number of Neurites determined by quantitative analysis 

of images acquired in CLSM. Data represent mean ± SD of 11-17 images analyzed per condition; one-

way ANOVA followed by Bonferroni’s test. 

To investigate the effect of laminin site-selective immobilization on neurite outgrowth, hNSCs 

were cultured for 14 days under differentiation conditions, and then processed as whole-
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mounts for bIII-tubulin and DNA staining (Fig. 4C). A population of differentiated neurons, 

expressing bIII-tubulin and starting to form a neuronal network, was observed for affinity-

bound laminin PEG-4MAL hydrogels (Fig. 4C). Differences between the conditions tested 

were assessed by image process and quantitative analysis, using ImageJ/Fiji. More 

specifically, total neurite length (µm) and total number of neurites were quantified (Fig. 4D-F). 

A significant increase in neurite outgrowth was observed for the PEG-4MAL hydrogels with 

affinity-bound laminin, compared to unmodified hydrogels, as evidenced by the higher values 

of total neurite length (15663 ± 7951 µm; p = 0.0253; Fig. 4D) and total number of neurites 

(6327 ± 2817; p = 0.0491; Fig. 4E). Laminin entrapment also promoted neurite outgrowth in 

PEG-4MAL hydrogels but its impact was not significant. Despite the tendency for increased 

neurite outgrowth observed for hydrogels with affinity-bound laminin, no significant differences 

on total neurite length and total number of neurites were detected when compared to 

hydrogels containing laminin entrapped (Fig. 4D-E) 

Overall, these results suggest that the alternative strategy explored in this work for laminin 

incorporation better preserves laminin bioactivity, thus assuring the hydrogel biofunctionality. 

Although this work represents a good starting point for the development of a whole-human 3D 

cell instructive matrix, future studies exploring approaches that better promote the tethering of 

NtA-bound laminin to PEG-4MAL with preservation of its bioactive domains, and/or allow an 

increase in rhLn-521 initial concentration (> 20 µg/mL) need to be conducted. 

Materials and Methods 

Hydrogel components 
A four-arm maleimide terminated poly(ethylene glycol) (PEG-4MAL; 40 kDa, > 95% purity, 

>90% substitution, Jenkem USA) was chosen as the hydrogel base material. A macromer 

solution was prepared in 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

buffer (pH 7.4) at a final polymer concentration of 10% (w/v). Mono-PEGylated recombinant 

human N-terminal agrin (NtA) domain was produced as previously described [25]. 

Recombinant human laminin-521 (rhLn-521) was obtained from Biolamina. A cysteine-flanked 

matrix metalloproteinase-2 (MMP2)-sensitive peptide (Acetyl (Ac)-

GDCDDSGESPAY¯YTADDCDG-Amide (NH2); 2.1 kDa, > 85% purity, GenScript) and a PEG-

dithiol (3.5 kDa, ³ 95% purity, Jenkem USA) were used as the degradable and non-degradable 

cross-linkers, respectively. 
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Preparation of affinity-bound rhLn-521 PEG-4MAL hydrogels 
A schematic representation of affinity-bound laminin PEG-4MAL hydrogel preparation is 

presented in Fig. 1. Briefly, NtA (input concentration in the gel: 50 µM) was initially reacted 

with rhLn-521 (input concentration in the gel: 20 µg/mL) for 30 min at room temperature (RT) 

in 10 mM HEPES buffer (pH 7.4). PEG-4MAL was then functionalized with the previously 

formed conjugate (NtA – rhLn-521) for 15 min in 10 mM HEPES buffer (pH 7.4). Functionalized 

PEG-4MAL macromers were then cross-linked linked into a hydrogel by addition of a mix of a 

MMP2-sensitive peptide and a PEG-dithiol dissolved in 10 mM HEPES buffer (pH 6.5), at an 

80:20 molar ratio (%). The cross-linkers were added at a 1:1 molar ratio of cysteine residues 

on the cross-linkers to remaining maleimide groups on NtA-rhLn521-functionalized PEG-

4MAL. Hydrogels were polymerized at 37ºC, 5% CO2 for 15 min. Unmodified PEG-4MAL gels 

and PEG-4MAL gels containing entrapped rhLn-521 (20 µg/mL) were also prepared and used 

as controls. 

125I-radiolabeling – NtA and laminin incorporation efficiency 
To assess the incorporation efficiency of NtA and laminin into PEG-4MAL hydrogels, both 

proteins were first labeled with 125I as described elsewhere [36] and then used for hydrogel 

preparation. Briefly, NtA or laminin (5 µg) were labeled with 0.5 mCi of Na125I (Perkin Elmer) 

using the Iodogen method [44], and further purified using a PD-10 Desalting Column packed 

with Sephadex TM G-25 Medium (GE Healthcare), to remove free 125I ions. Fractions with yield 

of 125I-labelling ≥ 98.8% were used. Functionalized hydrogels (10 µL) were prepared as 

described above in radioimmunoassay (RIA) tubes, using NtA or laminin spiked with 125I-

labeled domain or protein, respectively, in order to achieve a final activity of » 2.0 ́  105 cpm/µg 

of NtA/laminin. Hydrogels containing 125I-labeled soluble laminin (20 µg/mL) were also 

prepared and used as controls. The gels were processed straight away for gamma activity 

counting g-counter (CAPRAC® - t Wipe Test / Well Counter; Capintec, Inc.) and further 

incubated with 125 µL of phosphate buffered saline (PBS) buffer containing 2% (w/v) bovine 

serum albumin (BSA) at 37 ºC. The amount of NtA or laminin retained in each hydrogel was 

determined after 1 and 7 days. At each time point, the buffer solution was replaced by fresh 

buffer, the gamma activity of the hydrogel measured, and NtA or laminin incorporation was 

expressed as a percentage of the initial gamma activity of the hydrogel prior to incubation in 

buffer. 

Rheological properties and mesh size estimation of affinity-bound laminin PEG-4MAL 
hydrogels 
The viscoelastic properties of PEG-4MAL hydrogels were characterized using an MCR 302 

stress-controlled rheometer (Anton Paar, Austria) with a 9 mm diameter, 2º cone angle (CP10-
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2) and plate geometry. Hydrogels for each condition (Æ 8 mm) were prepared as previously 

described, and allowed to hydrate in PBS buffer at 37 ºC for 24h. The samples were then 

loaded between the cone and the plate, in a humidified environment at physiological 

temperature (37 ºC), and the measuring system was lowered to a 40 µm gap using TruGapTM 

system. Amplitude strain sweeps (0.001 – 1% at 10 rad/s) were initially performed for each 

condition to define the linear viscoelastic region (LVR). Frequency sweeps (0.1-100 rad/s at 

0.01% strain) were then performed and the storage (G’), loss (G’’) and complex (G*) modulus 

Determined within the LVR, by averaging all data points acquired from a 0.1 - 10 rad/s interval. 

The relative mesh size (nm) value was estimated using the following equation [45]: 

! = ($
%&
'( )

*+, 

where G’ = storage modulus in Pa, A = Avogadro’s constant (6.022140857 ´ 1023 mol-1), R = 

gas constant (8.314 m3.Pa.mol-1.K-1), T = temperature (37 ºC = 310.15 K) .  

Culture of human neural stem cells 
Human neural stem cells (hNSCs) derived from the NIH approved H9 (WA09) human 

embryonic stem cell line were purchased from Life Technologies (N7800-200). Cells were 

expanded according to the manufacturer’s protocol on poly(ornithine)/laminin-111 from mouse 

Engelbreth-Holm-Swarm sarcoma (msLn-111; Sigma-Aldrich)-coated tissue coated 

polystyrene (TCPS) plates (Corning) in expansion medium - StemProÒ NSC serum free 

medium (SFM; Life Technologies) supplemented with basic fibroblast growth factor (bFGF, 20 

ng/mL; Life Technologies) and epidermal growth factor (EGF, 20 ng/mL; Life Technologies). 

 

Culture of hNSCs within affinity-bound rhLn-521 PEG-4MAL hydrogels 
hNSCs were dissociated into single cells using StemPro Accutase cell dissociation reagent 

(Life Technologies) and further suspended in the solution containing laminin-functionalized 

PEG-4MAL precursors (4 x 106 viable cells/mL). Cell-laden hydrogels were formed by mixing 

the PEG-4MAL precursor solution containing cells with the MMP2-sensitive peptide and PEG-

dithiol cross-linkers, dissolved in 10 mM HEPES (pH 6.5), at an 80:20 molar ratio (%), and 

subsequently incubating the polymerizing gels at 37 ºC, 5% CO2 for 15 minutes. hNSCs were 

initially cultured in expansion medium and, at day 2 of culture, the medium was switched to 

the StemPro NSC SFM media-Neurobasal/B27 (Life Technologies) (1:1) mix, without growth 

factors. At day 8, half of the medium was replaced by the StemPro NSC SFM-Neurobasal/B27 

(1:3) mix supplemented with 10 ng/mL of brain-derived neurotrophic factor (BDNF; Peprotech) 

and 500 µM of N6, 2’-O-Dibutyryladenosine 3’, 5’-cyclic monophosphate sodium salt (dibutyril 

cAMP; Sigma). Half of the medium was changed every other day, up to 14 days. hNSCs 
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cultured within unmodified and PEG-4MAL gels containing entrapped rhLn-521 (20 µg/mL) 

were herein used as controls. 

Cell viability 
The distribution of viable and dead cells within PEG hydrogels was assessed at day 7 of cell 

culture using a live/dead assay. Cell-hydrogel matrices were rinsed with warm PBS pH 7.4 

and incubated with 4 µM calcein AM (Life Technologies) and 6 µM propidium iodide (PI; Life 

Technologies) at 37 ºC for 30 min, for detection of viable and dead cells, respectively. After 

incubation, the samples were rinsed twice with PBS pH 7.4, transferred to culture medium, 

and immediately observed under confocal laser scanning microscopy (CLSM, Leica TCS 

SP5). Quantitative analysis of live and dead cells was also conducted using immunocytometry 

(See Supplementary Materials and Methods). 

hNSC neurite outgrowth 
The effect of laminin site-selective immobilization on neurite outgrowth was assessed after 14 

days of culture under neuronal differentiation conditions. Samples were processed as whole-

mounts for bIII-tubulin/DNA staining as described in Supplementary Materials and Methods, 

and z-sections covering a thickness of 200 µm or 100 µm were acquired with the CLSM using 

an HC Plan APO CS 10´ / 0.40 NA or HC Plan APO CS 20´ / 0.70 NA objective, respectively. 

Neurite outgrowth was assessed in the projected two-dimensional (2D) images using a 

developed ImageJ script. Briefly, nuclei were segmented through an Otsu thresholding 

method, while neurites were segmented through subtraction of the previously identified 

nucleus, using a Huang thresholding method. Measurements were obtained for total neurite 

length (µm) and total number of neurites per image.  

Statistical Analysis 
Statistical analysis was performed using GraphPad Prism 6 software (San Diego). Sample 

distribution was initially tested for normality using the Kolmogorov-Smirnov test. Comparisons 

between three or more groups were performed with one-way ANOVA analysis, followed by 

the Bonferroni correction for pairwise comparisons. For all analysis, differences were 

considered significant at p < 0.05. 
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SUPPLEMENTARY DATA 

Supplementary Materials and Methods 

Cell viability - Immunocytometry 

Quantitative analysis of cell viability was conducted by immunocytometry performed in six-

pooled hydrogels, after hydrogel dissociation. Briefly, the hydrogels were sequentially 

incubated with 1.25 mg/mL of collagenase type II (Gibco; 1h at 37 ºC) and StemPro accutase 

cell dissociation reagent (Life Technologies; 20 min at 37 ºC) under stirring (70 rpm). Cells 

were mechanically dissociated by pipetting, diluted in Glasgow Minimal Essential Medium 

(GMEM; Life Technologies) supplemented with 10% (v/v) inactivated fetal bovine serum (FBS) 

and centrifuged. For live/dead staining cells were then transferred to a round-bottomed 96-

well plate and stained with calcein AM (67 nM, 20 min at 37 ºC) and propidium iodide (PI; 6 

µM, 10 min at 37 ºC). Cells were finally washed trice and suspended in FACS buffer (PBS pH 

7.4 supplemented with 2% (v/v) FBS) for flow cytometry analysis on BD FACSCantoTM II (BD 

Biosciences). Unlabeled cells were used to set the fluorescence gates and cells stained with 

calcein AM and PI only were used to establish the compensation settings. For each flow 

cytometry analysis, 10,000 events were acquired inside the respective gate. 

Neurite outgrowth - Immunohistochemistry 

The ability of hNSCs to extend neurites was assessed after 14 days of culture, under 

differentiation conditions, in samples processed as whole-mounts for bIII-tubulin/DNA staining. 

Cells/hydrogels were fixed in 3.7% (w/v) paraformaldehyde (PFA) solution diluted 1:1 in 

culture media (30 min; 37 ºC) and permeabilized with 0.2% (v/v) Triton X-100 in PBS (45 min; 

RT). Samples were then incubated with blocking buffer (5% (v/v) bovine serum albumin (BSA) 

in PBS) for 1 h at RT, followed by incubation with the primary antibody – mouse anti-bIII-

tubulin (1:500; Biolegend, 801201), overnight at 4 ºC. To detect primary antibodies, samples 

were incubated with Alexa Fluor® 488 conjugated anti-mouse secondary antibody (1:1000; 

Life Technologies, A21202) ON at 4 ºC. The nuclei were counterstained with 0.1 µg/mL 

Hoechst 33342 (Life Technologies, H1399) for 20 min at RT. Samples were observed under 

confocal laser scanning microscopy (CLSM; TCS SP5II; Leica Mycrosystems). 
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Supplementary Figures and Tables 

 

 

Figure S1. Site-selective immobilization of rhLn-521 onto PEG-4MAL hydrogels and its effect on 

human neural stem cells (hNSC) neurite outgrowth. A) Total neurite length; and B) Total number of 

neurites determined by quantitative analysis of images acquired in confocal laser scanning microscopy 

(CLSM). Data represent mean ± standard deviation (SD) of images analyzed from one representative 

experiment performed in triplicate. No significant differences were detected (one-way ANOVA followed 

by Bonferroni’s test). 

 

 

 

 

 

Figure S2. Effect of NtA concentration on cell viability of hNSCs cultured within affinity-bound 

rhLn-521 PEG-4MAL hydrogels. Representative two-dimensional (2D) projections of CLSM three-

dimensional (3D) stack images of cell-laden hydrogels covering a thickness of 100 µm, showing the 

distribution of live (in green) and dead (in red) cells at day 14 of cell culture, under neuronal 

differentiation conditions. Arrows depict neurites protruding from neurospheres. Scale bar = 100 µm. 
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Table S1. Final amount of tethered NtA and laminin (msLn-111) incorporation into PEG-4MAL 

hydrogels, determined by radiolabeling analysis. Data represent mean ± SD of 3 independent 

experiments performed in duplicate. 

Input [NtA] (µM) Tethered [NtA] (µM) 

Laminin incorporation 

[msLn-111] (µg/mL) 

Day 1 Day 7 

0 - 12.9 ± 1.3 10.2 ± 1.0 

10 4.1 ± 1.3 13.1 ± 0.6 10.3 ± 0.5 

50 20.8 ± 1.7 11.5 ± 1.5 9.0 ± 0.5 

100 34.3 ± 7.9 11.1 ± 1.5 8.3 ± 1.0 

 

 

 
Table S2. Impact of rhLn-521 immobilization on the storage (G’) and loss moduli (G’’) of PEG-4MAL 

hydrogels, as determined by rheological analysis. Data represent mean ± standard error of the mean 

(SEM); n = 6; one-way ANOVA followed by Bonferroni’s test; ** p < 0.01 (vs. unmodified). 

Hydrogel Storage Modulus (G’, Pa) Loss Modulus (G’’, Pa) 

Unmodified 87.5 ± 7.7 7.1 ± 0.7 

Entrapped 118.2 ± 6.2 8.3 ± 0.5 

Immobilized 132.5 ± 9.9 ** 7.4 ± 0.3 
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Abstract 

Synthetic-based hydrogels engineered to mimic some of the elements of the native 

extracellular matrix (ECM), constitute highly attractive platforms to study neural stem cell 

(NSC) biology and better understand the interactions with the surrounding 

microenvironment. By allowing a precise and independent control over the biochemical and 

biophysical properties of the matrix, these hydrogels enable the systematic study of their 

effects on cell behavior and function, thus addressing some of the main challenges 

associated with the design of well-defined matrices for three-dimensional (3D) cell culture 

systems. However, as these materials are usually bioinert, their modification with cell 

adhesive motifs / bioactive domains, found in proteins comprised in the native NSC niches, 

is highly desirable. Cell adhesive motifs interacting with syndecan receptors were showed 

to have a key role on the regulation of NSC fate lineage, and thus constitute a highly 

attractive option for the design of biomimetic matrices. Accordingly, in this work we 

proposed the tethering of the AG73 (RKRLQVQLSIRT) peptide sequence, from the LG4 

globular domain of laminin a1 chain, into a degradable synthetic-based hydrogel. A four-

arm maleimide terminated poly(ethylene glycol) (PEG-4MAL) was chosen as the base 

material. The modular nature of the synthetic matrix used, allowed us to explore the effect 

of AG73 peptide density on cell behavior, independently of other hydrogel biophysical and 

biochemical properties. The tethering of AG73 peptide to PEG-4MAL hydrogels led to a 

significant improvement of cell viability, after 7 days in culture, independently of the input 

peptide concentration tested. The potential of this 3D culture system to support human NSC 

(hNSC) proliferation and neurite outgrowth was further evidenced at a higher input AG73 

concentration (1 mM). This was demonstrated by the significant increase in cell proliferation 

(p = 0.0012 vs. 0 mM) and neurite outgrowth (p < 0001 vs. 0 mM) found after 14 days of 

culture, as well as by the neuronal network established at this same time point. These 

results highlight the potential of syndecan-binding adhesive motifs for the 

biofunctionalization of 3D synthetic hydrogel platforms designed for the culture of hNSC, 

and potentially for use as vehicles of neural stem/progenitor cells in the context of central 

nervous system (CNS) injury/regeneration, foreseeing a better efficacy of the available 

therapeutic strategies. 
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1. Introduction 

Neural stem cells (NSCs) are multipotent cells that hold great potential for application in 

regenerative medicine and tissue engineering, namely for the treatment of central nervous 

system (CNS) disorders (e.g. traumatic brain and spinal cord injury and neurodegenerative 

diseases, such as Parkinson’s and Alzheimer’s disease) [1-3]. Nevertheless, the successful 

application of these cells in a regenerative context is still hampered by the lack of 

understanding of the regulatory role of the different niche components on the modulation of 

NSC behavior and fate. Therefore, the development of new three-dimensional (3D) 

platforms incorporating different physical and chemical elements of the native NSC niches 

is highly desirable. Ultimately, one expects these provide a better understanding into stem 

cell biology and interactions with the surrounding microenvironment and allow to overcome 

some of the main drawbacks limiting the efficacy of current stem cell-based therapies. The 

latter include, low cell survival, inability to control specific cell differentiation and functionality 

and poor cell engraftment within the host tissue upon transplantation [4]. In this regard, 

hydrogels have been widely explored, for the development of cell-instructive 

microenvironments, as they are well-defined and tunable matrices that share many key 

physical properties with native ECM/tissues (e.g. high-water content, good permeability and 

elasticity) [5, 6].  

Matrix adhesiveness is a critical factor to take into consideration when designing cell-

compatible hydrogels, as this will significantly impact the modulation of NSC function (e.g. 

viability, proliferation, outgrowth and differentiation). Therefore, several works have 

explored the incorporation of bioactive cell adhesive domains, found in the native NSC 

niche, to confer to hydrogels the ability to modulate cell function and fate. More specifically, 

synthetic adhesive peptides derived from fibronectin (RGD [7-10]) or laminin (YIGSR [7, 10-

12], IKVAV [7, 10, 12-14], RNIAEIIKDI [7]) were used. These peptides can mediate cell 

interaction via integrin receptors, which play a key role in cell adhesion and 

outgrowth/migration [15]. Alternatively, the use of cell binding ligands interacting with 

transmembrane heparan sulfate proteoglycans (HSPGs) has become highly attractive to 

engineer biomimetic matrices, for application in advanced NSC-based therapies, as result 

of their key role in the regulation of NSC stemness [16]. Syndecans in particular, have a 

pivotal role on the modulation of all stages of stem cell maintenance and neurogenesis (e.g. 

proliferation, self-renewal, differentiation, migration and maturation), either through 

independent signaling or by working alongside with other receptors, such as integrins [17-

19]. To date, four members of the syndecan family were identified in mammals (Syndecan-

1, -2, -3 and -4) and their expression was found to differ among different cells and tissues 

[20]. More specifically, within the NSC niche, syndecan-1 is highly expressed during 
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neurogenesis being key to support NSC proliferation and progenitor cell maintenance [21, 

22], while syndecan-4 constitutes a key marker of NSC differentiation [16]. Syndecan-3 [23], 

in turn, plays an essential role on the modulation of axon guidance [24, 25] and neurite 

outgrowth [26, 27], and, together with syndecan-4 [28], controls neuronal migration. Lastly, 

syndecan-2 expression is known to exert a remarkable effect in dendritic spine 

morphogenesis [29]. AG73 (RKRLQVQLSIRT), a synthetic peptide derived from the laminin 

globular 4 (LG4) module of laminin a1 chain, interacts with syndecan-1 [30, 31] and -4 [32] 

promoting cell adhesion with membrane ruffling [33-35]. In addition, this peptide showed 

already great potential to enhance neurite outgrowth of PC12 neuronal cells when tethered 

onto alginate- [36], collagen- [37] or agarose- [38] based hydrogels, as well as onto chitosan 

membranes [35]. In a previous study from our lab, we also showed that functionalization of 

fibrin hydrogels with AG73 improves cell outgrowth of human NSCs (hNSCs) [39]. Despite 

the promising results obtained to date, the intrinsic bioactivity presented by natural-based 

polymers makes difficult to deconvolute the contribution of the syndecan-binding peptide to 

the final biological outcome. Synthetic-based polymers, in turn, are chemically-defined 

materials that allow a precise and independent control over the biochemical and biophysical 

properties of the matrix, thus allowing a systematic study of their effects on cell 

behavior/function [5]. Moreover, although these materials are usually biological inert, they 

can be easily engineered to include biological signals (e.g. adhesive cues, growth factors 

or protease-sensitive sequences) [5]. Therefore, they constitute a valuable resource when 

deciphering the intricate relationship between the matrix components and their possible 

individual influence on cell behavior. In this work, we aim to explore a synthetic-based 

hydrogel to assess the effect of the AG73 syndecan-binding peptide on the modulation of 

hNSC behavior. A hydrogel based on a four-arm maleimide terminated poly(ethylene glycol) 

(PEG-4MAL) macromer, previously optimized by our group [40], was herein explored (Fig. 

1). The modular nature of these hydrogels allows an independent control over their 

mechanical and structural properties, cell-adhesive ligand type/density and protease-

dependent degradation [41, 42], which enabled the testing of different AG73 densities, 

independently of other hydrogel parameters. PEG-4MAL macromer was first functionalized 

with different input AG73 peptide concentrations (Fig. 1). To allow a time frame of 3D culture 

sufficient for hNSCs proliferation and neuronal differentiation, a mix of protease degradable 

(cysteine-flanked matrix metalloproteinase 2 (MMP2)-sensitive peptide) [43] and non-

degradable (PEG-dithiol) cross-linkers was used to mediate, under physiological conditions, 

the formation of a degradable hydrogel network (Fig. 1). 
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Figure 1. Schematic representation of the preparation of cell-laden AG73-functionalized PEG-

4MAL hydrogels (not to scale). PEG-4MAL is firstly functionalized with a thiol-containing AG73 

peptide. Functionalized PEG-4MAL is then reacted with a mixture of protease degradable (MMP2-

sensitive peptide) and non-degradable (PEG-dithiol) cross-linkers to allow the formation, under 

physiological conditions, of a hydrogel network in the presence of cells. 

The resultant hydrogel was characterized in terms of fragment density and the potential of 

different input concentrations of the syndecan-binding peptide to support hNSC viability, 

proliferation and neurite outgrowth was further assessed. A significant improvement in cell 

proliferation and neurite outgrowth, as well as the establishment of a neuronal network, 

were observed after 14 days of culture, for hydrogels modified with the higher input AG73 
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concentration (1 mM). In summary, this study evidences the potential of syndecan-binding 

adhesive motifs, for the design of 3D hydrogel platforms for the culture and transplantation 

of hNSCs. 

2. Materials and Methods 

2.1. Hydrogel components 

A four-arm maleimide terminated poly(ethylene glycol) (PEG-4MAL; 40 kDa, > 95% purity,      

> 90% substitution, Jenkem USA) was chosen as the hydrogel base material. A macromer 

solution was prepared in 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES) in phosphate buffered saline (PBS, pH 7.4) at a final polymer concentration of 

10.0% (w/v). The syndecan-binding peptide AG73 (Acetyl (Ac)-CGGRKRLQVQLSIRT- 

Amide (NH2), 1.7 kDa, > 90% purity) was obtained from GenScript. A cysteine-flanked 

matrix metalloproteinase-2 (MMP2)-sensitive peptide (Acetyl (Ac)-

GDCDDSGESPAY¯YTADDCDG-Amide (NH2); 2.1 kDa, > 85% purity, GenScript) and a 

PEG-dithiol (3.5 kDa, ³ 95% purity, Jenkem USA) were used as the degradable and non-

degradable cross-linkers, respectively. 

2.2. AG73 tethering efficiency 

To determine the tethering efficiency of AG73 to PEG-4MAL, free/unreacted thiols in the 

reaction mixture were quantified using the Measure-iT thiol assay kit (Invitrogen) according 

to the manufacturer’s instructions. Briefly, PEG-4MAL was functionalized with the 

syndecan-binding peptide AG73 (input AG73 concentration: 0.01, 0.1, 0.5 or 1 mM) for 15 

min in 10 mM HEPES in PBS (pH 7.4). The samples were then mixed with thiol-quantitation 

reagent in a black 96-well plate and the fluorescence measured (lex = 494 nm; lem = 517 

nm) using a microwell plate reader (BioTekÒ Synergy™ Mx). A calibration curve of 

glutathione (0 – 55 µM) was used to calculate the concentration of free thiols. 

2.3. Preparation of AG73-functionalized PEG-4MAL hydrogels 

A schematic representation of AG73-functionalized PEG-4MAL hydrogel preparation is 

presented in Fig. 1. Briefly, PEG-4MAL was first functionalized with the syndecan-binding 

peptide AG73 for 15 min in 10 mM HEPES buffer (pH 7.4). Different AG73 input 

concentrations were used – 0.01, 0.1, 0.5 and 1 mM. Functionalized PEG-4MAL macromers 

were then cross-linked into a hydrogel by addition of a mix of a MMP2-sensitive peptide and 

a PEG-dithiol prepared in 10 mM HEPES in PBS (pH 6.5), at an 80:20 molar ratio (%). The 

cross-linkers were added at a 1:1 molar ratio of cysteine residues on the cross-linkers to 

remaining maleimide groups on PEG-4MAL macromer, following functionalization with 
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AG73. Hydrogels were polymerized at 37 ºC, 5% CO2 for 15 min. Unmodified (0 mM) PEG-

4MAL gels were also prepared and used as controls. 

2.4. Culture of human neural stem cells 

Human neural stem cells (hNSCs) derived from the NIH approved H9 (WA09) human 

embryonic stem cell line were purchased from Life Technologies (N7800-200). Cells were 

expanded according to the manufacturer’s protocol on poly(ornithine)/laminin-111 from 

mouse Engelbreth-Holm-Swarm sarcoma (msLn-111)-coated tissue coated polystyrene 

(TCPS) plates (Corning) in expansion medium - StemProÒ NSC serum-free medium (SFM) 

(Life Technologies) supplemented with basic fibroblast growth factor (bFGF, 20 ng/mL; Life 

Technologies) and epidermal growth factor (EGF, 20 ng/mL; Life Technologies). 

2.5. Culture of hNSCs within AG73-functionalized hydrogels 

hNSCs were dissociated into single cells using StemPro accutase cell dissociation reagent 

(Life Technologies) and further suspended in the solution containing AG73-functionalized 

PEG-4MAL precursors (4 x 106 viable cells/mL). Cell-laden hydrogels were formed by 

mixing the PEG-4MAL precursor solution containing cells with the MMP2-sensitive peptide 

and PEG-dithiol cross-linkers, dissolved in 10 mM HEPES (pH 6.5), at an 80:20 molar ratio 

(%), and subsequently incubating the polymerizing gels at 37ºC, 5% CO2 for 15 minutes. 

hNSCs were initially cultured in expansion medium and, at day 2 of culture, the medium 

was switched to the StemPro NSC SFM media-Neurobasal/B27 (Life Technologies) (1:1) 

mix, without growth factors. At day 8, half of the medium was replaced by the StemPro NSC 

SFM-Neurobasal/B27 (1:3) mix supplemented with 10 ng/mL of brain-derived neurotrophic 

factor (BDNF; Peprotech) and 500 µM of N6, 2’-O-Dibutyryladenosine 3’, 5’-cyclic 

monophosphate sodium salt (dibutyril cAMP; Sigma). Half of the medium was changed 

every other day, up to 14 days. hNSCs cultured within unmodified (0 mM) PEG-4MAL gels 

were herein used as controls. 

2.6. Cell viability 

The distribution of viable and dead cells within PEG-4MAL hydrogels was assessed at day 

7 of cell culture using a live/dead assay. Cell-hydrogel matrices were rinsed with warm PBS 

pH 7.4 and incubated with 4 µM calcein AM (Life Technologies) and 6 µM propidium iodide 

(PI; Life Technologies) at 37 ºC for 30 min, for detection of viable and dead cells, 

respectively. After incubation, the samples were rinsed twice with PBS pH 7.4, transferred 

to culture medium, and immediately observed under confocal laser scanning microscopy 

(CLSM, Leica TCS SP5; Leica Mycrosystems). z-sections, covering a thickness of 300 µm, 

were acquired using an HC Plan APO CS 10´ / 0.40 NA objective and subsequently 



CHAPTER VIII | AG73-Functionalized Synthetic Hydrogels Support Neural Stem Cell Survival, 
Proliferation and Neurite Outgrowth 
 

 228 

projected into 2D images. Quantitative analysis of cell viability was conducted by 

immunocytometry performed in six-pooled hydrogels, after hydrogel dissociation. Briefly, 

the hydrogels were sequentially incubated with 1.25 mg/mL of collagenase type II (Gibco; 

1h at 37 ºC) and StemPro accutase cell dissociation reagent (Life Technologies; 20 min at 

37 ºC, 70 rpm). Cells were mechanically dissociated by pipetting, diluted in Glasgow 

Minimal Essential Medium (GMEM; Life Technologies) supplemented with 10% (v/v) 

inactivated fetal bovine serum (FBS) and centrifuged. For live/dead staining, cells were then 

transferred to a round-bottomed 96-well plate and stained with calcein AM (67 nM, 20 min 

at 37 ºC) and PI (6 µM, 10 min at 37 ºC). Cells were finally washed trice and suspended in 

FACS buffer (PBS pH 7.4 supplemented with 2% (v/v) FBS) for flow cytometry analysis (BD 

FACSCantoTM II, BD Biosciences). Unlabeled cells were used to set the fluorescence gates 

and cells stained with calcein AM or PI were used to establish the compensation settings. 

For each flow cytometry analysis, 10,000 events were acquired. 

2.7. DNA quantification 

The growth of hNSCs cultured within PEG-4MAL hydrogels was estimated from total cell 

number after 7 days of cell culture, using the CyQUANT® cell proliferation assay kit (Life 

Technologies), according to manufacturer’s instructions. Briefly, cells were extracted from 

the hydrogels, through sequential incubation with 1.25 mg/mL of collagenase type II (Gibco; 

1 h at 37 ºC) and StemPro accutase cell dissociation reagent (Life Technologies; 20 min at 

37 ºC) under stirring (70 rpm). Cells were mechanically dissociated by pipetting, diluted in 

GMEM (Life Technologies) supplemented with 10% (v/v) FBS, centrifuged and the cell 

pellet stored at -80 ºC. Cell pellet was then thawed at room temperature (RT) and incubated 

with CyQUANT® GR dye/cell lysis buffer. Fluorescence (lex = 480 nm; lem = 520 nm) was 

measured, after mixing with CyQUANT GR dye, in a microwell plate reader (BioTekÒ 

Synergy™ Mx). The total number of cells for each condition was estimated from a standard 

curve generated with a known amount of hNSCs over a range of 50 to 250,000 cells. Cell 

samples used to generate the standard curve were measured in triplicate. For each 

condition, hydrogels without cells, cultured in parallel and processed similarly to those with 

cells, were used as blanks and their background fluorescence values subtracted. 

2.8. hNSC neurite outgrowth 

The effect of different input AG73 concentrations on neurite outgrowth was assessed after 

14 days of culture, under neuronal differentiation conditions. Samples were processed as 

whole-mounts for bIII-tubulin/DNA staining. Cell-laden hydrogels were fixed in 3.7% (w/v) 

paraformaldehyde (PFA) solution diluted 1:1 in culture medium (30 min; 37 ºC) and 

permeabilized with 0.2% (v/v) Triton X-100 in PBS (45 min; RT). Samples were then 
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incubated with blocking buffer (5% (v/v) bovine serum albumin (BSA) in PBS) for 1 h at RT, 

followed by incubation with the primary antibody – mouse anti-bIII-tubulin (1:500; Biolegend, 

801201), overnight (ON) at 4 ºC. To detect primary antibodies, samples were incubated 

with Alexa Fluor® 488 conjugated anti-mouse secondary antibody (1:1,000; Life 

Technologies, A21202) ON at 4 ºC. The nuclei were counterstained with 0.1 µg/mL Hoechst 

33342 (Life Technologies, H1399) for 20 min at RT. z-sections, covering a thickness of 200 

µm or 100 µm, were acquired with the CLSM using an HC Plan APO CS 10´ / 0.40 NA 

objective with a zoom factor of 1 or 2, respectively, and subsequently projected into 2D 

images. Neurite outgrowth was assessed in the projected 2D images using a developed 

ImageJ script. Briefly, nuclei were segmented through an Otsu thresholding method, while 

neurites were segmented through subtraction of the previously identified nucleus, using a 

Huang thresholding method. Measurements were obtained for total neurite length (µm) and 

total number of neurites per image.  

2.9. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6 software (San Diego). Sample 

distribution was initially tested for normality using the Kolmogorov-Smirnov test. 

Comparisons with control conditions were performed with one-way ANOVA analysis, 

followed by the Dunnett’s two-tailed test. For all analysis, differences were considered 

significant at p < 0.05. 

3. Results and Discussion 

3.1. AG73 peptide is efficiently tethered to PEG-4MAL hydrogels 

The key role of syndecans on the regulation of neural stem cell (NSC) fate lineage, make 

these heparan sulfate proteoglycans (HSPGs) highly attractive therapeutic targets when 

considering the biofunctionalization of synthetic matrices. As such, in this study we explored 

the functionalization of a bioinert degradable synthetic hydrogel with AG73 

(RKRLQVQLSIRT), a synthetic peptide derived from the laminin globular 4 (LG4) module 

of laminin a1 chain that interacts with syndecan-1 and -4 [30-32]. For this purpose, an 

hydrogel platform based on a four-arm maleimide terminated poly(ethylene glycol) (PEG-

4MAL) macromer (Fig.1) was selected as the base material for this work, due to its modular 

nature, excellent in vitro and in vivo biocompatibility with different cell types [40, 42, 44, 45] 

and well characterized biochemical and biophysical properties [41, 42, 46]. Maleimide 

groups in PEG-4MAL macromers efficiently react with thiol-containing peptides through 

Michael-type addition, enabling a fine tuning of ligand incorporation, and thus the formation 

of structurally defined matrices. To assess the effect of AG73 peptide density on the human 
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NSC (hNSC) biological response, PEG-4MAL macromers were covalently modified with 

different concentrations of this syndecan-binding peptide (0, 0.01, 0.1, 0.5 or 1mM) and the 

conjugation efficiency determined by measuring the amount of free/unreacted thiols in the 

reaction mixture. Free thiols were not detected (< 0.05 µM), the lower detection limit of the 

assay), indicating that AG73 was tethered onto the PEG-4MAL macromer with an 

immobilization efficiency higher than 96%, for all the concentrations tested. 

3.2. AG73-presenting PEG-4MAL hydrogels support hNSC viability and proliferation  

To get insight into the effect of AG73 density on hNSC survival and proliferation, cells were 

cultured for 7 days within degradable PEG-4MAL hydrogels functionalized with different 

AG73 concentrations (0, 0.01, 0.1, 0.5 and 1 mM). Confocal microscopy analysis showed, 

for all the conditions tested, the presence of live cells evenly distributed throughout the 

hydrogels, often growing as cellular spheroids (Fig. 2A). The quantitative analysis of 

live/dead cells, assessed by flow cytometry, showed values of average viability greater than 

75% for all the conditions tested, evidencing the good cytocompatibility of the proposed 

matrices [47] (Fig. 2B). Interestingly, hydrogels functionalized with AG73 evidenced a 

significantly higher percentage of viable cells compared to plain hydrogels (p < 0.0214 vs. 

0 mM; Fig. 2B). 

The tethering of AG73 peptide enhanced the ability of PEG-4MAL hydrogels to support 

hNSC growth, as shown by the higher cell numbers found at day 7 of cell culture compared 

to those observed for unmodified hydrogels (Fig. 2C). This effect was significant for the 

highest input AG73 concentration tested (1 mM; p = 0.0012; vs. 0 mM), for which a 3.0-fold 

increase in cell number (vs. 0 mM) was observed. 
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Figure 2. hNSC viability and proliferation in AG73-functionalized PEG-4MAL hydrogels as a 

function of input peptide concentration. A) Representative 2D projections of CLSM 3D stack 

images of cell-laden hydrogels covering a thickness of 300 µm, showing the distribution of live (in 

green) and dead (in red) cells at day 7 of cell culture. Scale bar = 300 µm. B) Quantitative analysis 

of live and dead cells at day 7, as determined by flow cytometry. Data represent mean ± SD of three 

independent experiments; one-way ANOVA followed by Dunnett’s test (vs. 0 mM). C) Quantitative 

analysis of total cell number at day 7, as determined by CyQuant® Cell Proliferation kit. Data 

represent mean ± standard error of the mean (SEM) of three independent experiments performed in 

triplicate; one-way ANOVA followed by Dunnett’s test (vs. 0 mM). 

3.3. The tethering of 1 mM AG73 render PEG-4MAL hydrogels permissive to neurite 

outgrowth 

To unveil the effect of AG73 concentration on neurite outgrowth, hNSCs were cultured for 

14 days under differentiation conditions, and then processed as whole-mounts for bIII-

tubulin and DNA staining (Fig. 3). Qualitative analysis of CLSM images (Fig. 3A) showed a 

population of differentiated neurons, expressing bIII-tubulin and starting to form a neuronal 

network in PEG-4MAL hydrogels functionalized with 1 mM of AG73. For lower input peptide 

concentrations, the establishment of a neuronal network was less evident (Fig. 3A). 

Differences between conditions were assessed by image processing and quantitative 

analysis, using ImageJ/Fiji. More specifically, total neurite length (µm) and total number of 
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neurites were quantified (Fig. 3B-D). A significant increase in the neurite outgrowth, relative 

to unmodified (0 mM) hydrogels, was observed for the input peptide concentration of 1 mM. 

In these AG73-derivatized hydrogels, total neurite length evidenced an 18.6-fold increase 

(p < 0.0001 vs. 0 mM; Fig. 3C) while that correspondent to the total number of neurites 

showed a 15.2-fold increase (p < 0.0001 vs. 0 mM; Fig. 3D). Previous studies from our 

group using fibrin hydrogels, showed that fibrin functionalization with low concentrations of 

AG73 (60 µM) was effective in promoting hNSC outgrowth [39]. Fibrinogen, one of the 

components of these natural-based hydrogels, has heparin-binding domains at its N-

terminus with high affinity to syndecans [48, 49], which can potentiate the effect of AG73, 

even at low concentrations. PEG-4MAL hydrogels, in turn, due to the lack of integrin or 

heparin-binding motifs, as result of their bioinert nature, require higher peptide 

concentrations to exert similar effect.  

 

 
Figure 3. Effect of AG73 input concentration on hNSC neurite outgrowth. A) hNSCs cultured 

within unmodified (0 mM) and AG73-functionalized (0.01, 0.1, 0.5 and 1 mM) PEG-4MAL hydrogels 
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after 14 days of culture, under differentiation conditions. Images are representative of 2D projections 

of CLSM 3D stack images of cells processed for immunofluorescence labeling of bIII-tubulin/DNA, 

covering a thickness of 200 µm. Arrows depict neurites expressing bIII-tubulin protruding from 

neurospheres. Scale Bar = 200 µm. B) Representative 2D projections of CLSM 3D stack of hNSC 

outgrowth, covering a thickness of 200 µm, after 14 days of culture under differentiation conditions. 

Scale Bar = 100 µm. C) Total Neurite Length; and D) Total Number of Neurites determined by 

quantitative analysis of images acquired in CLSM. Absolute values (bars) and values normalized to 

outgrowth in 0 mM AG73 hydrogels (dotted line) are presented. Data represent mean ± SD of 10 

images analyzed per condition; one-way ANOVA followed by Dunnett’s test (vs. 0 mM). 

Hydrogel mechanical and structural properties have a key role on the modulation of different 

cellular functions, including survival, proliferation and neurite outgrowth [41, 42, 46]. With 

this in mind, we hypothesize that the significant increase in cell number and neurite 

outgrowth observed for PEG-4MAL hydrogels functionalized with the highest input AG73 

concentration (1 mM), may be also related with alterations in mechanical and structural 

properties of the hydrogel, resultant from the incorporation of a synthetic peptide. In a 3D 

microenvironment the processes involved on the modulation of different cell functions, 

including migration and neurite outgrowth, depend not only on the presence of cell adhesion 

domains but also on the ability of cells to degrade the surrounding matrix. Therefore, and 

although most of the studies published to date focus in understanding the independent 

contribution of each of these parameters for cell function, understanding how matrix 

bioactivity and mechanical properties influence each other and the impact of that concerted 

action on the modulation of cell behavior is highly desirable. Indeed, a study assessing the 

influence of cell-adhesive peptides (RGDS, IKVAV and YIGSR) on a PEG hydrogel physical 

and mechanical properties, showed that depending on the ligand type and concentration, 

the extent of their impact and whether a ligand increases or decreases a specific property, 

will be different [50]. Therefore, studies to understand how the AG73 tethering impacts 

PEG-4MAL hydrogel mechanical and structural properties, and how that correlates with the 

observed biological outcome, should be conducted. 

To better recapitulate the biological activity of laminin chains, different studies proposed the 

combination of laminin-derived synthetic adhesive peptides targeting different cell receptors 

(e.g. integrins and syndecans). Indeed, the modification of chitosan membranes with a 

combination of syndecan- (AG73) and integrin- (A2G10, A99a or EF1zz) binding peptides, 

evidenced the synergistic ability of these peptides to enhance different cell functions, 

including PC12 cell adhesion and neurite outgrowth [51, 52]. Moreover, the characterization 

of the expression profile of integrins and syndecans in H9-derived NSCs, previously 

performed by our group, showed that 93% of the cells expressing syndecan-1 also 
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expressed the integrin a6 subunit [53]. Considering all these evidences, future studies 

should address the functionalization of PEG-4MAL hydrogels with a combination of AG73 

peptide and integrin-binding ligands, and its additive or synergistic effect on neurite 

outgrowth.  

4. Conclusions 

The present work demonstrates that a fine control over AG73-binding peptide density allows 

to maximize hNSC proliferation and neurite outgrowth, within PEG-4MAL hydrogels. 

However, and despite the promising results obtained, future studies need to be conducted 

to validate the observations presented in this work and better understand the role of AG73-

syndecan-binding peptide on the modulation of hNSC behavior/function. Overall, the 

proposed hydrogels showed great potential to be used as 3D platforms for the in vitro 

culture of hNSCs and, potentially, as vehicles for cell transplantation in the context of 

nervous system regeneration/disorders. 
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The main aim of the work presented in this thesis was the design of biologically relevant 

matrices able to recapitulate the laminin-rich microenvironment of neural stem cell (NSC) 

niches. For that, we proposed the modification of a degradable synthetic hydrogel with full-

length laminin. Additionally, a laminin-derived peptide interacting with syndecan receptors 

(AG73) was also explored. The developed matrices can be used to address the role of laminin 

on the modulation of NSC function and fate and, ultimately, contribute to the development of 

chemically-defined platforms for NSC culture and/or NSC delivery into the central nervous 

system (CNS) in the context of regenerative therapies. 

Laminin is one of the most important and well described extracellular matrix (ECM) proteins 

within the neurogenic niches [1, 2], with a key role in the modulation of NSC maintenance [3], 

migration and differentiation [4-6]. Furthermore, laminin has other paramount roles in CNS 

homeostasis, as contributing to synapse function and stability [7, 8]. Therefore, this ECM 

protein constitutes a highly attractive option while considering the design of NSC niche 

microenvironments. 

Full-length laminin immobilization into biological and synthetic matrices was already explored 

in different studies for the design of three-dimensional (3D) NSC niche microenvironments 

(see Chapter III for a review). Despite the promising results, a major caveat of the 

conventionally used immobilization strategies (based on non-covalent incorporation/physical 

entrapment or non-selective covalent immobilization), is the lack of control over the orientation 

and conformation of laminin, upon immobilization, which was proven to be crucial for the 

modulation of cellular behavior, function and fate [9]. As such, one of the specific aims of this 

thesis was to establish an affinity-based strategy to generate a highly versatile and dynamic 

system, expected to allow the site-selective immobilization of laminin, while controlling its 

orientation and bioactivity. For this purpose, in Chapter V we proposed a strategy that takes 

advantage of the native high affinity interaction (dissociation constant (KD) = 5 nM) between 

laminin and the N-terminal agrin (NtA) domain [10, 11]. Studies conducted to date, 

characterizing this domain and its interaction with laminin, have used the NtA derived from 

chicken agrin [10-13]. In the work presented in this thesis, the recombinant human (rh) variant 

of the NtA domain was produced and, for the first time, its interaction with laminin 

characterized [9, 14]. This is particularly important since we envisage the application of the 

proposed strategy in platforms for human cell culture/delivery and human-disease modelling. 

The conjugation of a thiol-terminated poly(ethylene glycol) (PEG) at the NtA N-terminus - 

mono-PEGylated rhNtA, allowed us to establish an affinity-binding ligand suitable for laminin 

site-selective immobilization to two-dimensional (2D) and 3D matrices. In addition, the 

proposed ligand presents a high versatility, as evidenced by its high affinity for different laminin 

isoforms (in the context of this thesis assessed for mouse laminin-111 (msLn-111) and 
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recombinant human laminin-521 (rhLn-521)). This allows the use of the proposed strategy for 

the immobilization of different laminin isoforms, which can be of interest for particular cell types 

and for application in specific disease contexts. The biological effectiveness of the 

immobilization strategy was assessed using self-assembled monolayers (SAMs) of mono-

PEGylated rhNtA on gold. Overall, the obtained data suggested that mono-PEGylated rhNtA 

works as an effective binding ligand for the site-selective immobilization of laminin, allowing 

the preservation of laminin ability to polymerize and mediate human NSC (hNSC) adhesion 

and spreading. In summary, in this work we provided a new affinity-based strategy that 

surpasses some of the main limitations associated with the current available laminin 

immobilization strategies (non-covalent incorporation/physical entrapment or non-selective 

covalent immobilization), assuring the exposure of laminin cell binding domains, as well as 

other distinct complementary domains that modulate important biological functions. 

In the future, it would be interesting to perform further studies to establish this as an universal 

strategy of coating, allowing the controlled and oriented immobilization of laminin regardless 

of the 2D model surface (e.g. TCPS, Au, etc.). In addition, the potential of this strategy to 

immobilize different laminin isoforms and be used as 2D coating for the culture of different cell 

types should also be confirmed. Neural electrode-tissue interface research is facing an 

exponential growth in the last few years [15]. Despite the promising results obtained to date, 

the search for effective strategies to improve this interface is highly needed. In this regard, the 

affinity-based immobilization approach presented in this thesis can be advantageous for the 

development of engineered coatings for neural electrodes. This is expected to improve the 

interface electrode-tissue, achieve seamless integration between the implanted electrodes 

and neural tissue, and ultimately, boost neural electrode performance. 

The application of the proposed affinity-based immobilization strategy was subsequently 

explored for the development of 3D cell-instructive microenvironments, with potential to 

support NSC proliferation and neuronal differentiation (Chapter VI). For that a degradable 

synthetic hydrogel based on a four-arm maleimide-end functionalized poly(ethylene glycol) 

(PEG-4MAL) macromer was selected as the base material. These hydrogels have been 

extensively used to support the culture and/or delivery of different cell types, within different 

regenerative contexts [16-19], and thus a high amount of information regarding the best way 

to modulate their biochemical and biophysical properties is currently available. Therefore, 

these hydrogels can be engineered to have the most suitable properties to support NSC 

culture and transplantation. In this work, we explored msLn-111, and we showed that the 

approach used for laminin incorporation (physical entrapment vs. affinity immobilization) 

significantly impact the hydrogel mechanical and structural properties. The tethering of NtA, 

which mediates laminin site-selective immobilization, reduces the number of maleimide-
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terminated PEG chains available for cross-linking, thus reducing the number of cross-linking 

points and favoring a reduction in the complex modulus (G*). Affinity-bound laminin PEG-

4MAL hydrogels showed great potential to be used as a dynamic biomimetic 3D platform 

enabling NSC proliferation and neurite outgrowth, when compared to currently available 

strategies for laminin immobilization, which include physical entrapment and non-selective 

covalent immobilization. Overall, this work provided evidence of the potential of the proposed 

engineered matrices to be used as defined 3D platforms, for the establishment of artificial 

NSC niches and as temporary mimetic microenvironments to support cell transplantation. To 

further consolidate the full potential of the developed 3D platform for the culture of hNSCs, 

studies assessing its ability to support cell differentiation and ECM remodeling, and the 

establishment of a functional neuronal network should be conducted. 

The key role of rhLn-521 on the in vitro modulation of neural cell behavior [3, 20], led us to 

subsequently explore the preparation of a degradable PEG-4MAL hydrogel containing affinity-

bound rhLn-521 (Chapter VII). This is of particular relevance when envisaging the 

development of a whole-human 3D cell-instructive microenvironment. Preliminary studies 

exploring the site-selective immobilization of rhLn-521 into a degradable PEG-4MAL hydrogel, 

using the strategy proposed in Chapter VI, did not evidence a significant impact on neurite 

outgrowth, when compared to unmodified hydrogels and hydrogels with equal amount of 

physically entrapped laminin. Therefore, some steps of the original immobilization protocol 

were altered, in an attempt to improve rLn-521 binding to NtA and its impact on NSC behavior. 

An improvement on neurite outgrowth was observed, compared to unmodified hydrogels and 

hydrogels with physically entrapped rhLn-521, although differences only reached statistical 

significance in the former case, suggesting an impact of such modifications on protein 

conformation and domain presentation to cells. Therefore, and although the data obtained 

represent a good start for the development of a whole-human 3D cell instructive matrix, further 

studies need to be conducted. More specifically, in the future the use of higher rhLn-521 

concentrations (> 20 µg/mL) should be considered and its biological performance when 

immobilized through the strategy proposed in Chapter VI assessed. In addition, the look for 

alternatives to improve NtA-bound rhLn-521 tethering to PEG-4MAL is also highly desirable. 

As previously pointed, the versatility and dynamic nature of the proposed strategy allows the 

immobilization of different laminin isoforms within 3D matrices, thus opening doors for future 

studies exploring cell-laminin interactions, occurring in different stem cell niches and disease 

contexts. In addition, studies assessing the exchangeability with endogenously secreted 

laminin could also be of interest. Direct evidence on the potential of the proposed 

immobilization strategy to preserve the exposure of key laminin bioactive epitopes is also 

critical to assess. For that, laminin peptide analogues known to mediate important laminin 
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functions, such as neuronal adhesion, neurite outgrowth and/or NSC migration can be used 

as competitive inhibitors. Alternatively, function blocking studies using antibodies against 

integrin or syndecan receptors interacting with specific laminin regions, can also be explored 

in this regard. The hydrogel proposed can be also of interest to provide a controlled niche with 

instructive cues to improve survival, engraftment and long-term function of transplanted stem 

cells. Accordingly, and to validate the developed affinity-bound laminin hydrogel as a cell-

instructive microenvironment, in the future, in vivo studies using, for example, an experimental 

model of brain or spinal cord injury, should be conducted. One of the main caveats currently 

limiting the successful translation of stem cell therapies to clinic is the lack of effective cell 

expansion and biomanufacturing systems. In this regard, in the last few years the systems 

used for cell expansion have shifted towards the use of 3D platforms. These provide a defined 

environment for adherent stem cells and organoid culture (e.g. NSCs, induced pluripotent 

stem cells, etc.), while enabling the culture in large-scale bioreactor systems. Although, further 

studies assessing the ability of affinity-bound laminin PEG-4MAL hydrogels to support hNSC 

differentiation need to be conducted, their ability to support cell viability, proliferation and 

neurite outgrowth, suggest that these hydrogels constitute a highly attractive option to be used 

on the development of cell expansion and biomanufacturing systems. 

Laminin-derived small adhesive sequences have also been explored, in alternative to the 

incorporation of full-length laminin, to confer bioactivity to 3D matrices (see Chapter III for a 

review). These small sequences can be chemically synthesized in large scale and are 

commonly incorporated at higher densities, for similar amounts of native protein, usually, with 

no significant impact on hydrogel biophysical properties [21]. In Chapter VIII we explored the 

functionalization of a degradable synthetic hydrogel with a syndecan-binding peptide (AG73 

– RKRLQVQSIRT) with neurite-promoting activity, and already successfully explored to 

modify natural hydrogel matrices [22-25]. The tethering of AG73 peptide to PEG-4MAL 

hydrogels led to a significant improvement of cell viability, after 7 days in culture, 

independently of the input peptide concentration tested. In addition, we demonstrated that a 

higher input AG73 concentration (1 mM) better supports hNSC proliferation and neurite 

outgrowth. Despite the promising results obtained, future studies need to be conducted to 

validate the observations presented in this work. More specifically, to verify if the biological 

outcome observed for the different AG73 input concentrations could be related with 

differences in hydrogel mechanical and structural properties, rheological studies need to be 

conducted. In addition, for the defined optimal AG73 concentration (1 mM), future studies 

should assess the ability of the developed 3D platforms to support hNSC neuronal 

differentiation and maturation in long-term cultures. To get insight into the contribution of 

syndecan-1 and -4 receptors for the NSC response to immobilized AG73, silencing of the 
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syndecan receptor expression in hNSCs, by means of siRNA, can be performed. Envisaging 

the application of AG73-functionalized PEG-4MAL hydrogels in the CNS as vehicle for NSC 

transplantation, its impact on axonal extension growth should be assessed, using for instance 

organotypic cultures of sensory and motor neurons. To better recapitulate the biological 

activity of laminin chains, we propose to address, in future studies, the functionalization of 

PEG-4MAL hydrogels with a combination of AG73 peptide and integrin-binding ligands, and 

evaluate its additive or synergistic effect on neurite outgrowth. 

In summary, the affinity-based strategy proposed in this thesis can be successfully used as 

an alternative to conventional immobilization approaches in a wide range of applications, 

including engineered coatings for neuroelectrodes and for 2D substrates for cell culture, as 

well as for the biofunctionalization of 3D matrices. Furthermore, the hydrogels developed 

exploring the proposed strategy, showed great potential to be used as chemically-defined 3D 

platforms for the in vitro culture of hNSCs and, potentially, as vehicles for hNSCs cell 

transplantation in the context of nervous system regeneration/disorders. In addition, the 

developed 3D matrices have potential to be successfully applied to study the molecular 

mechanisms implicated in neurogenesis, in a 3D microenvironment that better mimics the in 

vivo conditions. Alternatively, and envisaging the clinical translation of stem cell therapies, 

affinity-bound laminin hydrogels can be also explored for the development of tissue 

engineering constructs and biomanufacturing systems to expand stem cells. Ultimately, we 

strongly believe this work opens new avenues in the design of more efficient hydrogel matrices 

for application in NSC-based regenerative approaches for the treatment of traumatic CNS 

disorders or neurodegenerative diseases. 
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