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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, this effect being dependent on NtA concentration. This was 

evidenced by the 10 μM NtA-functionalized PEG-4MAL gels incorporating laminin that support 
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enhanced human NSC proliferation and neurite extension, 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 (NSC) 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]. NSC 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 NSC 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].
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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 

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]. The agrin-binding site within laminin is localized in the central 

region of its coiled-coil domain and maps to a sequence of 20 conserved residues within the 

γ1 chain [27, 28]. Interestingly, this interaction requires a coiled-coil conformation of the 

agrin-binding site [28]. 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 [29–31], and well characterized 

biochemical and biophysical properties [31–33]. PEG-4MAL macromer was functionalized 

with a thiol-containing mono-PEGylated rhNtA (NtA) domain, for the site-selective 

immobilization of laminin to the hydrogels (Fig. 1). Laminin-111 (at a concentration of 100 

μg/mL) was the isoform selected for the development of PEG-4MAL hydrogels with 

affinity-bound laminin, since it was already shown to successfully promote NSC neuronal 

outgrowth and differentiation [34–38]. 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) [39] and non-

degradable (PEG-dithiol) cross-linkers was used to mediate, under physiological conditions, 

the formation of a degradable hydrogel network (Fig. 1).

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 neurite outgrowth, which are 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, ≥ 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 (λex = 494 nm; λem = 517 nm) using a microwell plate 

reader (BioTek® 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 °C, 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.

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 °C in 125 μL of PBS (pH 7.4). At day 1 and 7, the supernatant was collected, 

stored at −80 °C and then analyzed using a mouse laminin ELISA kit (Abcam, ab119572) 
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according to the manufacturer’s instructions. Absorbance values were measured at 450 nm 

using a microwell plate reader (BioTek® 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 (⊘ 8 mm) were prepared as 

previously described, and allowed to hydrate in PBS (pH 7.4) at 37 °C for 24 h. The samples 

were then tested in a humidified environment at physiological temperature (37 °C) 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 (δ, °) 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 [40]:

ξ = G′A
RT

− 1
3

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 °C = 310.15 K).

2.6. Culture of human neural stem cells

Human neural stem cells (hNSC) 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 - StemPro® 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).

2.7. Culture of hNSC within affinity-bound laminin PEG-4MAL hydrogels

hNSC 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 × 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 °C, 5% CO2 for 

15 minutes. hNSC were initially cultured in expansion medium and then induced to 

differentiate along the neuronal lineage by growth factor withdrawal. Briefly, 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 
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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. hNSC 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 °C 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 hNSC 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 retrieved from the hydrogels, through sequential incubation with 1.25 mg/mL of 

collagenase type II (Gibco; 1 h at 37 °C) and StemPro accutase cell dissociation reagent 

(Life Technologies; 20 min at 37 °C) 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 °C. The cell pellet was then thawed at room 

temperature (RT) and incubated with CyQUANT® GR dye/cell lysis buffer. Fluorescence 

(λex = 480 nm; λem = 520 nm) was measured, after mixing with CyQUANT GR dye, in a 

microwell plate reader (BioTek® Synergy™ Mx). The total number of cells for each 

condition was estimated from a standard curve generated with a known amount of hNSC 

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 and phenotypic analysis

The effect of laminin site-selective immobilization on neurite outgrowth and cell phenotype 

was assessed after 14 days of culture. Samples were processed as whole-mounts for 

immunofluorescence staining of Nestin (neural stem/progenitor cells), βIII-tubulin 

(developing and mature neurons) microtubule-associated protein 2 (MAP2; neuronal 

dendrites and cell bodies), and Tau (mature neurons, axonal marker), 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. Neurite outgrowth was assessed in the projected two-

dimensional (2D) images stained for βIII-tubulin/DNA using a developed ImageJ script. 
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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.

2.12. 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 [31] and pancreatic 

islets [29]. 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 [31–33]. Therefore, the use of these matrices is especially advantageous to 

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 Garcia group [31–33]. 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) [41–46].

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, 31, 33] 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 [39]. Among the different protease-degradable peptides characterized to date, a 

fast-degrading sequence shown to be relatively specific for MMP2 [39] was used, as this 

metalloproteinase is expressed at high levels by NSC [47, 48].

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 [49]. Consequently, to increase the pKa of the thiol group 
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and thereby reduce the availability of the reactive thiolate [49], 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 NSC, led us to hypothesize that fully degradable hydrogels might not 

be able to support the 3D culture of hNSC, 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. hNSC 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-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 [32]. 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) [50, 51].

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 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. Laminin-modified hydrogels present mechanical properties within the 
values preferred for NSC growth and differentiation—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) [31–33], as 
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well as in the stability of the hydrogel in vivo [41–46, 52]. The fine control of these 

properties is, therefore, crucial to direct neural stem cell fate [41, 44–46].

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 °C, as evidenced by the 

values of phase angle (δ) below 10° (Table 1), meaning that the viscoelastic properties of the 

hydrogels were stable for the conditions tested.

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 concentrations of 

NtA (Fig. 3A). 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 [37].

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 

of average cell viability greater than 75% for all the conditions tested, evidencing the good 

cytocompatibility of the proposed matrices (Fig. 4B) [53].

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 
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unmodified, laminin entrapped, 10 μM- and 50 μM NtA - laminin immobilized hydrogels, 

respectively (Fig. 4C). Since laminin retention 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.

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 cells expressing the neuronal marker 

βIII-tubulin, with the evident formation of neuronal processes, 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 neurite extension, 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 [37]. This gives a good 

indication that the strategy proposed in this study, indeed, potentiate laminin bioactivity.

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.

3.2.3. Controlled laminin immobilization supports hNSC stemness and 
neuronal maturation—A more detailed phenotypic analysis was performed at day 14 of 

cell culture by immunocytochemistry (Fig. 6). At this time point, Nestin+ cells (Fig. 6A) 

were observed for all the conditions tested, thus evidencing the potential of the proposed 

hydrogels to support hNSC stemness over time. This is a key feature when envisaging the 

use of hydrogels for cell transplantation, as they should provide an adequate 

microenvironment for the maintenance of a pool of NSC, upon transplantation. The ability 

of the proposed hydrogels to support hNSC neuronal maturation was further assessed using 
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markers for mature neurons, more specifically MAP2 and Tau. The qualitative analysis of 

2D projected CLSM images revealed the presence of differentiated neurons expressing 

MAP2 and Tau in all the conditions. Yet, axonal extensions staining positively for Tau were 

more evident in 10 μM NtA affinity-immobilized laminin PEG-4MAL hydrogels, which 

suggests that these hydrogels are more permissive to hNSC neuronal maturation when 

compared to unmodified gels and gels containing physically-entrapped laminin, in line with 

their higher neurite-promoting ability.

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, neuronal 

differentiation and neurite extension. 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 γ1 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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.
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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).
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Figure 3. Mechanical and structural properties of PEG-4MAL hydrogels modified with affinity-
bound laminin.
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.
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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 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.
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Figure 5. Affinity-bound laminin PEG-4MAL hydrogels and their effect on hNSC neurite 
outgrowth.
A) hNSC cultured for 14 days within unmodified (Unm), physically entrapped laminin 

(Entrap) or NtA affinity-bound laminin (Immob) PEG-4MAL hydrogels. Images show 2D 

projections of CLSM 3D stack images of cells processed for immunofluorescence labeling 

of βIII-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 βIII-tubulin protruding from 

neurospheres. Scale Bar = 200 μm (top images); 100 μm (bottom images). B) Representative 

2D projections of CLSM 3D stack images depicting hNSC outgrowth at day 14 of cell 

culture, covering a thickness of 80 μm. Scale Bar = 80 μm. C) Total Neurite Length; and D) 
Total Number of Neurites determined by quantitative analysis of projected CLSM images. 

Data represent mean ± SD of 12–15 images analyzed per condition; one-way ANOVA 

followed by Bonferroni’s test.

Barros et al. Page 19

Biomater Sci. Author manuscript; available in PMC 2020 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Phenotypic characterization of hNSC within PEG-4MAL hydrogels.
hNSC cultured for 14 days within unmodified (Unm), physically entrapped laminin (Entrap) 

or NtA affinity-bound laminin (Immob) PEG-4MAL hydrogels. Images show 2D projections 

of CLSM 3D stack images of cells processed for immunofluorescence labeling of A) Nestin; 

B) Tau; and C) MAP2. Scale Bar = 100 μm.
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Table 1.

Storage modulus (G’), Loss modulus (G”) and Phase angle (δ,°) 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 (δ, °)

Unm ‒ 259.1 ± 13.8 10.6 ± 1.7 2.3 ± 0.2

 msLn-111

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
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