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significant challenge is to understand the role of the dynamic degradable 

hydrogel mechanical properties on expression of relevant cellular 

morphologies and function. It was hypothesised that a carrier with 

mechanical properties akin to neural tissue will provide glia with 

conditions to thrive, and that glia in turn will support neuronal 

survival and development. PVA co-polymerised with biological 

macromolecules sericin and gelatin (PVA-SG) and with tailored nerve 

tissue-like mechanical properties were used to encapsulate Schwann cells 

(SCs) alone and subsequently a co-culture of SCs and neural-like PC12s. 

SCs were encapsulated within two PVA-SG gel variants with initial 

compressive moduli of 16 kPa and 2 kPa, spanning a range of reported 

mechanical properties for neural tissues. Both hydrogels were shown to 

support cell viability and expression of extracellular matrix proteins, 

however, SCs grown within the PVA-SG with a higher initial modulus were 

observed to present with greater physiologically relevant morphologies 

and increased expression of extracellular matrix proteins. The higher 

modulus PVA-SG was subsequently shown to support development of neuronal 

networks when SCs were co-encapsulated with PC12s. The lower modulus 

hydrogel was unable to support effective development of neural networks. 

This study demonstrates the critical link between hydrogel properties and 

glial cell phenotype on development of functional neural tissues. 
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PVA-SG hydrogel tailored with mechanical 

properties to selectively drive development 

of Schwann cells (SCs)

SCs and neuron-like PC12 cells in 

PVA-SG associating into a 3D neural 

network within 8 Days.

Hypothesis: Hydrogel cell carrier that 

supports SCs development supports 

neuronal development when cultured in 

simultaneous encapsulation
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Graphical Abstract



To the Editors, 

I am pleased to submit a paper entitled "Tissue engineered hydrogels supporting 3D neural 

networks" to Acta Biomaterialia Journal. The submission is a full paper detailing original research 

studies. All the authors have contributed to the research and preparation of the manuscript. This 

study is placed within the context of new material approaches for nerve tissue engineering and 

regeneration. This paper presents a systematic study that examines the role of hydrogel mechanics 

on glial cell morphology to ultimately promote neural-glia network formation. Previous research has 

shown that poly(vinyl alcohol) (PVA) based hydrogels with small amounts of protein content can be 

tailored to encapsulate cells in a 3D environment with mechanical properties resembling those from 

native nerve tissue. The major challenge addressed in this work was understanding the role of the 

dynamic degradable hydrogel cell carrier and the changing mechanical properties on both cell 

morphology and function. It assesses the hypothesis that a 3D environment tailored to support glial 

cell function will be well suited to supporting neuron growth when both cell types are co-

encapsulated within the same hydrogel. It was shown that a hydrogel with an initially higher 

modulus, supports formation of more physiologically relevant Schwann cell morphologies and 

greater production of relevant ECM. Subsequently, these higher modulus hydrogels are shown to 

support development of neural networks with neural-glial cell interactions. These findings support 

the use of PVA hydrogels with tailored mechanics for delivery of cells for nerve tissue regeneration. 

On behalf of the authors, 

Regards, 

Dr Ulises A. Aregueta Robles 
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Statement of significance  

Hydrogels as platforms for tissue regeneration must provide encapsulated cellular progenitors 

with physical and biochemical cues for initial survival and to support ongoing tissue 

formation as the artificial network degrades.  While most research focuses on tailoring 

scaffold properties to suit neurons, this work aims to support glia SCs as the key cellular 

component that physically and biochemically supports the neuronal network. The challenge is 

to modify hydrogel properties to support growth and development of multiple cell types into 

a neuronal network. Given SCs ability to respond to substrate mechanical properties, the 

significance of this work lies in understanding the relationship between dynamic hydrogel 

mechanical properties and glia SCs development as the element that enables formation of 

mature, differentiated neural networks.  
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Abstract  

Promoting nerve regeneration requires engineering cellular carriers to physically and biochemically 

support neuronal growth into a long lasting functional tissue. This study systematically evaluated 

the capacity of a biosynthetic poly(vinyl alcohol) (PVA) hydrogel to support growth and 

differentiation of co-encapsulated neurons and glia. A significant challenge is to understand the role 

of the dynamic degradable hydrogel mechanical properties on expression of relevant cellular 

morphologies and function. It was hypothesised that a carrier with mechanical properties akin to 

neural tissue will provide glia with conditions to thrive, and that glia in turn will support neuronal 

survival and development. PVA co-polymerised with biological macromolecules sericin and gelatin 

(PVA-SG) and with tailored nerve tissue-like mechanical properties were used to encapsulate 

Schwann cells (SCs) alone and subsequently a co-culture of SCs and neural-like PC12s. SCs were 

encapsulated within two PVA-SG gel variants with initial compressive moduli of 16 kPa and 2 kPa, 

spanning a range of reported mechanical properties for neural tissues. Both hydrogels were shown 

to support cell viability and expression of extracellular matrix proteins, however, SCs grown within 

the PVA-SG with a higher initial modulus were observed to present with greater physiologically 

relevant morphologies and increased expression of extracellular matrix proteins. The higher 

modulus PVA-SG was subsequently shown to support development of neuronal networks when 

SCs were co-encapsulated with PC12s. The lower modulus hydrogel was unable to support 
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effective development of neural networks. This study demonstrates the critical link between 

hydrogel properties and glial cell phenotype on development of functional neural tissues.  

 

1. Introduction 

Neurological injuries and disorders represent a major public health problem affecting up to one 

billion people worldwide. With limited regenerative ability, nerve tissue requires assistive 

technologies to promote tissue healing and restoration of nerve function. Tissue engineering for 

nerve tissue regeneration has been approached by exploring the delivery of cellular progenitors 

within biomimetic scaffolds. Ideally, a neural scaffold should present cells with physical and 

chemical cues to induce expression of phenotypes resembling in vivo tissue. Hydrogels are polymer 

systems with physical and biochemical properties that can be tailored to present cells with a 

microenvironment that more closely resembles the extracellular niche [1-3]. However, control of 

the structure and mechanical properties of hydrogel networks largely depends on selection of 

fabrication technique and chemical composition [1, 2, 4]. This presents a key challenge for the 

development of hydrogel technologies that aim to allow controlled degradation to support timely 

neuronal development.  

Although hydrogel degradation can be tailored, as the cellular scaffold degrades there is a loss in 

both mechanical integrity and physical cues. Without these cues, cells grown within 3D scaffolds 

lack organisation and the overall cell growth may not reflect the desired tissue structure or function 

[5]. While the neurons are critical to the function of nerve tissues, in vivo they are supported by 

accessory cells known as glia. These neuroglia are the cells that present trophic and physical 

support to the neurons both during in utero development and within the dynamic biological 

environment. However, simultaneously encapsulating glia and neuronal progenitors within a 

hydrogel also presents challenges. Conventional cultures use a layered or multistep process to 
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combine multiple cell types as they respond to different growth and differentiation cues. When 

using an encapsulation approach where all cells are incorporated within the hydrogel carrier during 

gelation, this is not possible. It is therefore proposed that for appropriate neuronal development, 

cellular scaffold properties should be modified to target not the neurons but the neuroglia. It was 

hypothesised that a hydrogel cell carrier tailored to selectively drive phenotypic development of 

neuroglia will consequently support the formation of a neuronal network during and following 

hydrogel degradation. The key challenge addressed in this work was to understand how modulation 

of degradable hydrogel mechanical properties affects the development of functional glial cell 

phenotypes to further enable formation of neuronal networks as the hydrogel carrier degrades.  

Substrate mechanical properties play a key role in phenotypic modulation of both glial [6-10] and 

neural cell morphologies [11-14]. Neuroglia such as Schwann cells (SCs) develop bipolar processes 

that are ideal for supporting neurite development when cultured on 2D substrates with mechanical 

moduli ranging from 2 kPa to 5 kPa [9]. However, neurite outgrowth is enhanced when neural cells 

are grown on substrates an order of magnitude softer, ranging from 0.05 kPa to 0.275 kPa [11-14]. 

Although neurons are responsible for transmission of action potentials, the supporting neuroglial 

cells (such as SCs or astrocytes) [15] and associated extracellular matrix (ECM) are critical 

elements that support neural function. Glial cells and in particular SCs in the peripheral nervous 

system (PNS), provide neurons with topographical cues [16], production of ECM rich in growth 

and differentiation factors [17], as well as with homeostatic and synaptic support [15]. Therefore, 

to enable long-term maintenance and support of the neuronal network, it is essential to understand 

the role of hydrogel degradation and mechanics of glia development into a supporting matrix before 

degradation is complete. 

While remarkable results have been shown when using hydrogel materials to support in vitro 

growth of neurons, most approaches use ECM rich systems [18-20] or biological materials [21-26], 

which do not allow for fine control of mechanical properties. Studies have also used hydrogels as 
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cellular carriers and assessed glial development as a part of a neuronal mixed culture, such as 

primary tissue explants [18, 20, 27] or stem cells [22-25, 28-30], however these studies do not allow 

decoupling of the effect of the 3D hydrogel mechanical environment from the presence of 

exogenous growth factors present in the ECM rich environment or produced by other cell types. In 

this study, a primarily synthetic hydrogel carrier with tailored mechanical properties was 

specifically assessed for support of neuroglial SCs with a focus on their capacity to express 

physiologically relevant morphologies and ECM.  

Poly (vinyl alcohol) modified with tyramine (PVA-Tyr) residues has been shown to enable control 

of the polymer carrier mechanical properties while allowing incorporation of tyrosine rich 

biomolecules to support cellular interactions [31]. In particular, the PVA-Tyr system allows 

covalent crosslinking with unmodified sericin and gelatin (PVA-SG) to respectively protect cells 

from the initial polymerization process and present cells with initial attachment cues. Previous 

research by Aregueta-Robles et al. [32] has shown that PVA-SG can be tailored into polymeric 

scaffold variants that present SCs with a compressive modulus (K) from 2 kPa to 16 kPa, which is 

comparable to literature reports of nerve tissue stiffness [6, 33]. While it was demonstrated that SCs 

survived and remained viable following the initial polymerisation process, the cell growth and 

development into functional phenotypes was not examined. In this study, the capacity of PVA-SG 

hydrogels to support phenotypical SC morphologies and their consequent ability to support 

neuronal network growth was assessed. 

SC and PC12 cell lines were selected as a neuronal co-culture model in preference to primary tissue 

explants used in prior studies [34]. The clonal cell system is highly reproducible and minimises the 

number of cellular components and growth factors which can incorporate confounding variables 

when assessing the effect of hydrogel mechanical properties on neuronal and glial development.  

The 3D co-culture of SC and PC12 cells developed in this study also established the translation of a 

2D co-culture into a 3D system. It demonstrated a feasible approach for simultaneous seeding, 



 

5 

 

growth and differentiation of both cell types within the 3D hydrogel. These results offer 

unprecedented evidence of a highly repeatable cell encapsulation system consisting of neuron-like 

and glial cell lines growing and developing into neuronal networks when simultaneously 

encapsulated within a biosynthetic hydrogel. Of particular note was the differentiation and 

transition of PC12 cells into neuronal networks in response to the structural and biochemical 

support of SCs. 

2. Materials and Methods  

2.1 SC and PC12 culture 

All chemical, reagents and proteins were purchased from Sigma-Aldrich unless otherwise stated. 

SCs (SCL4.1/F7, 93031204) were proliferated in media composed of Dulbecco's Modified Eagle's 

Medium (DMEM, D7777) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin (Gibco). Cellular incubation was performed at 37°C, 5% CO2, 100% 

humidity. Confluent monolayers were dissociated with Trypsin-EDTA (1X, 59430) for experiments 

and passages. Cells for experiments were in log phase with a passage number between 12 - 30.  

Pheochromocytoma cell line (PC12, 88022401) was maintained with proliferation media solution 

consisting of Roswell Park Memorial Institute medium (RPMI-1640) supplemented with 10% horse 

serum (HS), 5% FBS and 1% P/S. Cells for experiments were in log phase with a passage number 

between 10-20.   

2.2 PVA-SG Hydrogel fabrication 

Two variations of PVA-SG were fabricated via changes on macromer content  as previously 

described [32]. In brief, gelatin (1 wt%) from porcine skin, (1 wt%) sericin bombix mori and PVA-

Tyr (8 or 3 wt%) were dissolved one component at a time in DPBS at 80 °C. Tris(2,20-

bipyridyl)dichlororuthenium(II) hexahydrate (Ru) and Sodium persulfate (SPS) were used as 

photoinitiators for polymerization. Ru and SPS concentration of 0.6 mM and 6 mM, respectively, 
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were used to produce 5 wt% PVA-SG hydrogels and 1.2 mM and 12 mM for 10 wt% PVA-SG. 

Upon complete dissolution, the solution was cooled to RT and photoinitiators were added.  

2.3 Cellular encapsulation in PVA-Tyramine/Sericin/Gelatin (PVA-SG) hydrogels 

Prior to polymerisation, 10
7
 cells were added per mL of macromer solution and gently mixed by 

aspiration. The mixture was promptly poured into the silicone moulds (8 mm diameter, 0.5 mm 

thickness). Gelation was carried out by immediately irradiating the samples with visible light at 15 

mW/cm
2
 for 3 minutes. A total of 9 cell laden hydrogels for each sample set (3 repeats with 3 

replicates, n=3) were immediately placed into tissue culture dishes for incubation with complete 

media for 3 days and then fed with low serum media for 7 days. This culture media strategy was 

proposed to allow neuronal differentiation conditions while providing a temporary recovery and 

support for all cells following encapsulation. A control group of SC only hydrogels was cultured 

with high serum media only to assess viability and proliferation effects related to serum reduced in 

media. Co-encapsulation of SC and PC12 cells was performed at 10
7
 cells were added per mL of 

macromer solution with a proposed 9:1 SC: PC12 cells ratio. Co-cultures were supplemented with 

NGF (50ng/mL, 2.5S, Jomar Bioscience) upon media shift to low serum conditions. A control 

group of encapsulated standalone PC12 cells was included to assess the supporting effect of SCs to 

promote neurite outgrowth. 

2.4 Compressive modulus of PVA-SG hydrogels 

To examine the impact of cells on hydrogel mechanics, compression testing was performed. 

Hydrogels with and without cells were assessed by uniaxial compression testing using an Instron 

5543P3124 mechanical tester. A 50N load cell was applied at a crosshead speed of 0.5 mm/min. 

The compressive modulus was calculated as the slope of stress vs strain given by the relation 

Y=(F⁄A)/(∆L⁄L), within 5 % - 15 % strain. Compressive tests were performed at 2, 5 and 10 days.  
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2.5  Live-dead assay 

To assess viability of encapsulated cells a fluorescent live/dead assay (Calcein-AM/propidium 

iodide) was used.  Samples were incubated for 10 mins with 1µM calcein-AM and propidium 

Iodide (1 µg/mL in DPBS). Samples were rinsed three times with DPBS and then analysed using an 

epifluorescent microscope (Zeiss, Axioshop 2 MAT). Green fluorescent cells were regarded as 

alive, red fluorescent cells were considered as dead cells. Cellular viability was calculated as the 

percentage of living cells to the total number of cells (live + dead).  

2.6 Cellular proliferation 

To determine the number of metabolically active cells within the hydrogel, a fluorescent assay 

based on the ability of viable cells to reduce an indicator dye (resazurin, CellTiter blue, promega, 

G8080) was used. Resazurin becomes fluorescent (resorufin) in the presence of metabolically active 

cells. Cell laden hydrogels were incubated for 3 hours with resazurin at a working concentration of 

0.2 mg/mL. 100 µL of supernatant was transferred to an opaque 96-well plate for florescence 

recording (544nm/590-10nm, Ex/Em). A control without cells was included to subtract background 

fluorescence of media. In parallel for each repeat, SCs were plated in a 12-well plate as a control to 

estimate the number of metabolically active cells. SCs were seeded at densities ranging from 

10x10
3
 to 300x10

3
 cells per well. After 24 hours cells were incubated for 3 hours with resazurin. 

Media was recovered and transferred to an opaque 96 well plate for fluorescence reading as stated 

above. To determine the total number of cells per gel, cell nuclei were stained with bisbenzimide. 

Samples were fixed with 4% formaldehyde overnight at 4°C and then washed three times with 

DPBS (10 mins incubation between washes) and then blocked with a solution of 2% bovine serum 

albumin, 0.1% Triton X-100 and 0.2% gelatin in DPBS for 30 mins. After blocking, samples were 

permeabilised with a 0.5% Triton X-100 solution in DPBS for 30 mins and samples were 

counterstained with bisbenzimide (Hoechst 33342, 1:10000, Molecular Probes).  
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2.7 Morphological analysis of SCs  

To assess SCs morphology cell laden hydrogels were immunostained with anti-S100, a protein 

abundantly expressed in mature Schwann cells [17]. Samples were fixed, blocked and 

permeabilised as described in section 2.6. Cells in gels were directly immunostained with anti-S100 

(rabbit polyclonal; Z0311; 1:40; Dako, Agilent Technologies). FITC (IgG anti-rabbit; 4030-02; 

1:200; Southern Biotechnology) was used as secondary fluorophore-conjugated antibody. 

Bisbenzimide (Hoechst 33342, Molecular Probes) was used for nuclei staining. Cells were observed 

using confocal laser-scanning microscopy (Olympus, FluoView 1200). All cell imaging in this 

work was performed using a confocal laser-scanning microscope (Olympus, FluoView 1200) 

through a 40x 0.7 oil immersion objective. For each hydrogel composition and for each time point, 

a total of 9 hydrogel discs were fabricated (3 repeats, 3 replicates each repeat, n = 3). Z-stack 

images were processed in Imaris® software to render a 3-D construct of encapsulated cells. Cells 

imaged in the Z-stack were individually analysed and classified according to the number of 

outgrowing cytoplasmic processes as well as their resemblance to physiologically relevant. A cell 

was considered to have developed a cytoplasmic process whenever the extension was longer than 

that of a single cell body (soma). Cells with processes shorter than the soma were classified as 

pseudopodia. Cells with one or two processes shorter than the soma were regarded as oval cells. 

Cells were classified as bipolar whenever one or two cytoplasmic processes extended away from the 

soma in a straight line (at 180° to each other). Cells outgrowing processes in non-straight lines, at 

varied angles were classified as having “Extended processes” but not specifically exhibiting bipolar 

morphology. Groups of cells forming linear arrangements were regarded as “cells in bands”. Cells 

presenting with only pseudopodia or having oval shapes were merged in one group. Cells without 

processes that adopted a spherical shape were classified as “non-polar” and a last group of cells, 

which showed nuclear fragmentation, was included. The occurrence of a particular morphology was 

reported as the percentage of a given classification with respect to the total cell count. 
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2.8 Extracellular matrix production and neurite outgrowth 

Semi quantitative analysis of laminin, collagen-IV and III-tubulin expression was performed by 

recording the fluorescence intensity using a confocal microscope. Encapsulated SCs were 

immunostained for detection of laminin and collagen-IV and III-tubulin for co-cultures. Samples 

were fixed and blocked as described in section 2.6. To assess the expression of both proteins outside 

cell bodies, cells in gels were not permeabilised and directly immunostained with anti-laminin 

(chicken polyclonal; ab14055; 1:200; abcam), anti-collagen-IV (rabbit polyclonal; ab6586; 1:50; 

abcam) and anti-III-tubulin (mouse polyclonal; ab78078; 1:200; abcam). Secondary fluorophore-

conjugated antibodies were used, being FITC (IgG anti-rabbit; 4030-02; 1:200; Southern 

Biotechnology), Alexa Fluor 555 (IgG anti-chicken; A-21437; 1:200; Life technologies), for 

collagen IV and laminin respectively and (IgG anti-mouse; PIE35513; 1:200; Thermo Fisher) for 

III-tubulin. For nuclei staining cells were permeabilised and the counterstained with bisbenzimide. 

Cells were observed using confocal laser-scanning microscopy (Olympus, FluoView 1200). 

Laminin and collagen-IV production was assessed immediately after polymerisation to establish a 

baseline and compared to constructs as the cells developed at day 2, 5 and 10. In brief, confocal z-

stacks used for image analysis were taken with a 1024x1024x20 (X, Y, Z) number of voxels with a 

voxel size of (0.31, 0.31, 0.41 µm). No brightness or contrast adjustments were made on processed 

images. An initial background fluorescence subtraction was performed through Gaussian filter 

included in Imaris image processing options. Then a mask was created on voxels associated with 

laminin or collagen absolute fluorescence without any threshold adjustments. A final surface was 

rendered, which was used to retrieve volume of containing voxels. The total volume of either 

laminin or collagen-IV per time point was normalised to the number of cells.  

2.9 Neurite outgrowth of PC12 cells  

To assess the degree of neurite outgrowth in PC12 cells, volumetric changes associated with neurite 

outgrowth were measured through expression of III-tubulin using confocal microscopy as 



 

10 

 

described in section 2.8. To compare supporting potential of SCs in 3D, an additional sample group 

of PC12 only cells were encapsulated at the same cellular seeding density for PC12 cells in co-

culture (1x10
6
 cells/mL). The amount of III-tubulin associated with neurites per PC12 cell was 

analysed at 2, 5 and 8 days and presented as normalised β-III tubulin volume (μm
3
/cell). The 

analysis of neurite outgrowth based on III-tubulin volume rendered from confocal z-stacks was 

validated in 2D cultures as described in supplementary data. 

2.10 Statistical analysis 

All reported values represent the mean of 3 repeats (n=3), each repeat consisted of 3 replicates, 

N=9. One-way ANOVA was performed to compare means of groups. Tukey-Kramer test was used 

for multiple comparisons between means. Means of groups were considered different at a 

significance level of 5% (p < 0.05). Normal distribution of residuals was confirmed by means of a 

chi-square goodness-of-fit test.  

3. Results  

3.1 Survival and metabolic activity of encapsulated Schwann cells 

The average cell viability of SCs within PVA-SG is shown in Figure 1A for both high and low 

serum conditions. At Day 2, when both sample sets were supported with high serum, cellular 

viability was close to 90% in both 5 and 10 wt% gels. Cells in the 10 wt% hydrogels did have 

slightly lower viability, which was expected to be a result of the higher concentration of the 

initiator, SPS, required for the polymerisation of this hydrogel. This initiator creates sulphate 

radicals that are known to impact on cellular viability [35]. Despite reducing serum content in 

media (from 10% to 1%), close to 60% of the SC population remained viable across the study 

period.  

Figure 1B shows the ratio of SCs within the encapsulated population presenting with metabolic 

activity. The activity levels of the cells varied throughout the 10 day experiments, and the % 
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macromer was shown to influence this activity differently across the time points. At Day 2, SCs in 

10 wt% gels were more metabolically active (53% vs 39%). By day 5, cells in 10 wt% gels were 

less active (60% vs 80%). It was found that metabolic activity of cells cultured in a reduced serum 

media was ~1.5 times higher than cells in high serum media. Finally, at Day 10, the metabolic 

activity of cells cultured in 10 wt% PVA-SG was 2.4 times higher in a reduced serum media than in 

high serum media. At this time point the cellular population of 5 wt% hydrogels could not be 

determined as a result of the dispersal of these degradable samples in the solution, preventing 

accurate analysis of the fluorescent signal. Based on this limitation an additional time point at 8 

days (Day 8) was included for cellular morphology and ECM studies. 

3.2 Impact of hydrogel scaffold mechanics on cell morphology and function 

The initial K for 10 wt% and 5 wt% PVA-SG hydrogels was 16 ± 3.4 kPa and 2.3 ± 0.4 kPa, 

respectively. As shown in Figure 1C, consistent with a prior study [36], the compressive modulus of 

the hydrogel significantly decreased in both systems due to incorporation of cells. As suggested by 

Bryant et al. [36] cells as deformable objects could be buffering the hydrogel compressibility, a 

phenomenon expected to be more notable for low moduli systems. Despite of the decrease in K, 10 

wt% PVA-SG hydrogels presented cells with a K ranging from 1 kPa - 2 kPa from Day 1 to Day 5 

before decreasing to 0.5 kPa. Comparable studies have shown that this range of mechanical moduli 

promotes glial differentiation into supporting phenotypes [37]. In contrast, the K of cell laden 5 

wt% PVA-SG was lower than 1 kPa by Day 2.  
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Representative images of SCs grown in PVA-SG hydrogels are depicted in Figure 2. It was shown 

that by Day 2 cells have established cell-cell associations, adopted active morphologies and 

extended cytoplasmic processes in multiple directions. Figure 3 shows the percentage of SCs 

extending cytoplasmic processes. At Day 2 and Day 5, SCs extended a greater number of processes 

within 10 wt% hydrogels than 5 wt% hydrogels as shown in Figure 3A and 3B. At these points the 

10 wt% hydrogel’s K ranged between 1 kPa – 2 kPa. In contrast, about 80% of SCs encapsulated 

within 5 wt% hydrogels remained in a spherical shape (80%), which were presented with a K lower 

than 1 kPa by Day 2. As both the 5 and 10 wt% hydrogels continued to degrade there was a 

decrease in the occurrence of cytoplasmic extensions and length of processes. At 8 days, the 

number of cells with only pseudopodia extensions was dominant in both systems. No differences 

were observed in the percentage of processes between 5 wt% and 10 wt% hydrogels at this time 

(Figure 3C). By Day 10, approximately half of the cell population in 10 wt% PVA-SG had 

developed one or two cytoplasmic processes and about 25% of cells extended pseudopodia (Figure 

3D).  
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Figure 1. (A) Viability of SCs embedded in 5 wt% (green) or 10 wt% (orange) hydrogels. (B) 

Metabolic activity of SCs encapsulated in 5 wt% (green) and 10 wt% (orange) PVA-SG hydrogels. 

Dispersal of 5 wt% hydrogel samples at limited analysis of fluorescent signal at Day 10. Cells 

cultured with differentiation media (square) compared to cells in proliferation media (circles) from 

Aregueta-Robles et al. [32] (C), K of 5 wt% and 10 wt% hydrogels with or without cells. Error bars 

are 1 SD, (*** p<0.001). 
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Figure 2. Three dimensional distribution of SCs in PVA-SG hydrogels. Confocal Z-stacks of S100 

(green) and nuclei (blue) were constructed using Imaris software. 



 

14 

 

 

Figure 4 depicts the expression of cellular structures related with physiologically relevant 

morphologies. These structures identified as bipolar, linear arrangements of cells (cells in bands), 

pseudopodia and oval shaped cells, hold a physiological relevance during the development of PNS 

[17]. At Day 2 post-encapsulation, about 12% and 18% of SCs cultured within 10 wt% PVA-SG 

were adopting bipolar morphologies and arranging in cell bands, respectively. This expression was 

significantly higher than cells in 5 wt% gels, where less than 1 % of cell population expressed these 

morphologies. More frequently SCs extended cytoplasmic processes without a bipolar arrangement 
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Figure 3. SC extension of cytoplasmic processes in 5 and 10 wt% PVA-SG at 2, 5, 8 and 10 

days post encapsulation. Top, confocal images used to generate a surface rendered 3D 

image of cells at various morphologies. Cells encapsulated in 5 wt% (green) or 10 wt% 

(orange). 5 wt% hydrogels at Day 10 were unable to be processed due to hydrogel 

disintegration during immunostaining processes. Error bars are 1SD, (n=3), (*** p<0.001, 

** p<0.01, * 0.01<p<0.05). 
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(~25%) or presented with either pseudopodia or an oval shaped structure (~25%). The occurrence of 

these cellular structures was maintained by Day 5 and remained significantly higher in 10 wt% than 

in 5 wt% gels. At Day 8, no differences were observed in cell numbers adopting phenotypical 

morphologies between the 5 wt% and 10 wt% PVA-SG gels. At this stage, cells extending 

pseudopodia were dominant in both systems (Figure 4C). By 10 days post-encapsulation, 

approximately 50% of cells in 10 wt% PVA-SG gels retained bipolar morphologies or were 

associating into linear arrangements. About 25% of cell population had developed one or two 

cytoplasmic processes and the rest of cells had extended pseudopodia (Figure 4D).  
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Figure 4. Morphological presentation of SCs in 5 wt% and 10 wt% PVA-SG at 2, 5, 8 and 10 days 

post-encapsulation. Top, surface rendered 3D image of cell morphologies. Cells encapsulated in 5 

wt% (green) or 10 wt% (orange). 5 wt% hydrogels at Day 10 were unable to be processed due to 

hydrogel disintegration during immunostaining processes. Error bars are 1SD, (n=3) (** p<0.01, * 

0.01<p<0.05, # 0.05<p<0.1). 

 

3.3 ECM production during hydrogel degradation 

Representative images of laminin and collagen production by the SCs are shown in Figure 5. Both 

laminin (red) and collagen-IV (green) were expressed on the outer surface of the SC membranes at 

all time points and in both hydrogel compositions. As shown in Figure 6A, expression of laminin 

per cell significantly increased about 5 times over the first 5 days in both 5 wt% and 10 wt% 

hydrogels (p <0.001), respectively. This degree of laminin expression was maintained at Day 8 and 

Day 10 when 10 wt% hydrogels were close to the point of reverse gelation but not in 5 wt% 

hydrogels. Expression of Collagen-IV significantly increased from Day 0 to Day 5 about 4 and 5 

times in 5 wt% and 10 wt% gels, respectively (Figure 6B). In contrast to laminin, Collagen-IV 

expression significantly decreased from Day 5 to Day 8. In both gel systems the highest expression 

of collagen-IV and laminin occurred when the compressive modulus hydrogels ranged around 1 kPa 

(Figure 6C and 6D). However, collagen expression dropped to baseline levels when gels where at 

the lowest K, close to the point of complete degradation. 

No significant differences were observed between 5 wt% and 10 wt% hydrogels. However, there 

were differences of cellular distribution as well as in volumetric changes between hydrogel 

compositions due to swelling that could be masking changes in ECM molecules expression. A 

higher and more variable cellular density was observed in 5 wt% gels than in 10 wt% gels. 

Consistent with previous reports, the lower macromer concentration resulted in hydrogels that 

experienced a decrease in volume of 10-30% following polymerisation [32]. In addition, it is 

possible that the 5 wt% hydrogel solution, which results in a less viscous solution, is allowing cells 

to settle before polymerisation. Moreover, hydrogels at 10 wt% presented an increase in volume of 

1.24, 1.75 and 1.74 times more than 5wt% at Day 2, 5 and 8, respectively. This difference indicates 
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that the microenvironment in 10 wt% hydrogels is expanding 24% to 70% more than in 5wt% 

hydrogels. Therefore, the amount of protein expressed by cells in 10 wt% hydrogels represents a 

lower volume fraction when compared to 5wt%. Taking these volumetric and cellular density 

changes into consideration it can be estimated that cells in 10 wt% hydrogels produced 2.2 

(p<0.001) and 1.7 (0.1>p>0.05) times more laminin and collagen than cells in 5 wt% gels, 

respectively. 

 5 wt% 10 wt% 

Day Collagen-IV Laminin Collagen-IV Laminin 

2 

    
5 

    
8 

    
10   

  

 

 

Figure 5 SCs expression of collagen-IV (green) and laminin (red) in 5 wt% and 10 wt%. Scale bars 

= 50 µm. Confocal Z-stacks were constructed using Imaris software. 
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Figure 6 Semi-quantitative analysis of laminin and collagen-IV production as function of time (A 

and B). Cells encapsulated in 5 wt% (green square) or 10 wt% (orange square). Expression of 

laminin and collagen-IV as function of compressive modulus (C and D). The volume per cell was 

calculated from rendered surfaces using Imaris software. (E) SC density in 5 wt% or 10 wt%. Error 

bars are 1SD (*** p<0.001, n=3). 5 wt% hydrogels at Day 10 were unable to be processed due to 

hydrogel disintegration during immunostaining processes. 

3.4 Survival and metabolic activity of SCs and PC12s co-encapsulated in PVA-SG  

The average cellular viability and metabolic activity of SCs co-encapsulated with PC12s is shown 

in Figure 7A. Simultaneously encapsulated SCs and PC12 remained highly viable across the study 

period, with the lowest viability of ~75% by Day 8.  Similar to viability, co-cultured cells presented 

with increasing metabolic activity over the 8 day study period. Figure 7A shows resorufin 

fluorescence associated with cellular metabolic activity of encapsulated SC/PC12 cells. At Day 2, 

encapsulated SC/PC12 cells presented a lower metabolic activity when cultured in high serum 

media. This impact on metabolic activity was also found in standalone encapsulated SCs. Following 

serum reduction and supplementation of nerve growth factor (NGF), metabolic activity significantly 

increased at Day 5 (2.1 fold) and was observed to be highest at Day 8 (2.7 fold). In addition, SC 
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population increased about 70% in co-culture with PC12 cells (Figure 7B), in contrast with 

standalone encapsulated SC which decreased 20% from Day 2 to Day 5.  

As shown in Figure 7C, PC12 cells in simultaneous encapsulation with SCs presented a neurite 

outgrowth of about 4 times higher (p<.001) than PC12 only cultures from Day 5 onwards. Although 

PC12 cells as standalone or in co-encapsulation with SCs were being supplemented with NGF, the 

significant increase in neurite outgrowth is a clear indication of supporting effect of SCs.  

3.5 SC support of PC12 cells related to morphological characteristics 

Encapsulated SCs were found either in association with PC12 cells, as groups of SCs or as single 

cells (Figure 7D). As the hydrogel degrades and upon culturing cells with differentiation media, 

PC12 cells grew extensive neurites and associated with SC bodies adopting structures classified as 

clusters and cellular networks. Z-stacks of encapsulated SCs and PC12 cells at each time point are 

shown in Videos 1-3. Video 4 illustrates instances where PC12 cells and SCs were organising into 

either clusters or networks. While PVA-SG hydrogel (10 wt%) was able to support extensive 

neurite outgrowth of standalone encapsulated PC12 cells (Figure 7E and 7F), SCs were found to 

structurally support PC12 cells into a more organized cellular network as shown in Figure 7F and 

7G and in better detail in Video 3. Moreover, it was observed that neuronal networks developed 

having 5-12 SC per each PC12, whereas cell clusters presented less than 5 SC per PC12 (See Figure 

S-4). This indicates the potential of using glia:neuron ratio as a modulating factor to influence the 

formation of neuronal networks. 

Imaging cell cultures at a lower magnification revealed that cell networks were associated with 

adjacent networks or clusters forming larger networks across the scaffold (Figure 7H). These 

bridged networks were supported by SCs bodies, which were co-localized with PC12 somas and 

outgrowing processes as well as with bridging neurites (see Video 5). Similar to 2D cultures, these 

results show that the 2D culture strategy can be translated into a 3D environment resulting in PC12 
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cells outgrowing intricate neurite networks decorated by laminin and collagen deposited by SCs 

(Figure 7I and 7J).  
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Figure 7. (A) Cellular viability (blue) and metabolic activity (orange) of SC/PC12 encapsulated 

within 10 wt% PVA-SG. (B) Cellular density of SCs(green) and PC12 cells(red) in co-

encapsulation within 10 wt% PVA-SG. (C) -III tubulin volume expressed by encapsulated 

standalone PC12 cells (green) compared to PC12 cells in simultaneous encapsulation with SCs 

(blue). Error bars are 1SD, p<0.0001(***), p<0.001(**), p<0.01(*). (D) Top view (top) and side 

view (bottom) of encapsulated SCs and PC12 at Day 2, Day 5 and Day 8 assembling into co-culture 

networks (arrow head) or co-culture clusters (Arrow). Neurite outgrowth of standalone PC12 

cultures in 10 wt% PVA-SG top view (E) and side view (F), compared to PC12 cells in co-culture 

with SCs side view (G) and top view (H). Cell networks in association with adjacent networks or 

clusters (I). Confocal Z-stacks of S100 (green), III-tubulin (red) and nuclei (blue) were constructed 

using Imaris software. Laminin (orange) and collagen-IV (cyan) deposited by SC on outgrowing 

neurites (red) in 2D (J) and 3D (K) co-cultures. Scale bars = 50 µm.  

Overall the environment provided by the 10% PVA-SG hydrogel cell carrier allowed not only for 

cell survival and growth but for mutually supportive cellular interactions. This resulted in SCs and 

PC12 cells associating into neuronal networks expanding across the hydrogel as the scaffold 

degraded. These results offer unprecedented evidence of neuron and glial cell lines growing and 

developing into neuronal networks when simultaneously encapsulated within a biosynthetic 

hydrogel.  

4. Discussion  

 

Delivering neuronal progenitors within biomimetic scaffolds is a potential approach to support 

nerve regeneration. While hydrogel cell carriers can be tailored to degrade in a time frame 

consistent with the cellular ability to expand a cellular matrix, it is desired to enable the 

development of neuroglia as the key cellular component that physically and biochemically supports 

the neuronal network. However, this holds a significant challenge when growing simultaneously 

encapsulated mixed cell types with different growth and differentiation cues. The aim of the present 

work was to understand the relationship between modulation of hydrogel mechanical properties and 

SC development into functional phenotypes. This was assessed by measuring the capacity of SCs to 

adopt physiologically relevant morphologies, to express ECM molecules and to support growth of a 

neuronal network in response to the dynamic mechanics of degradable PVA-SG hydrogels. 
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SCs were shown to survive, grow and adopt physiologically relevant morphologies following 

encapsulation in PVA-SG degradable hydrogels with polymer content of 5 wt% and 10 wt%. These 

gels presented with an initial modulus of 2 and 16 kPa, respectively. It was found that high cellular 

viability and metabolic activity was supported by both 5 wt% and 10 wt% hydrogels over the 10 

day study period. Extension of cytoplasmic processes and presence of elongated morphological 

characteristics were more prolific in the 10 wt% PVA-SG. The analysis on ECM production 

indicated that SCs expressed similar levels of ECM proteins in both hydrogel systems. However, 

hydrogel matrix expansion upon degradation in 10 wt% gels could be masking the overall protein 

expression. These results indicate that SCs survive within the hydrogel scaffold, but dynamically 

respond both morphologically and metabolically to their environment. Simultaneously encapsulated 

SCs and PC12s within the 10 wt% PVA-SG hydrogel presented with high viability and were shown 

to differentiate into their respective supporting glial and functional neuron-like phenotypes. Co-

cultured SC and PC12 cells associated and organised into neuronal networks, both within localised 

areas and more extensively across the hydrogel construct. 

Previous research has shown that SCs remain viable in both PVA-SG hydrogel variants when 

cultured in high serum conditions [32]. However low serum conditions are required when SCs are 

co-cultured with PC12s, to support neural cell differentiation [38-40]. As such, following 72 hours 

of support with high serum, one sample set was switched to low serum conditions. A trend of 

decreasing cellular viability with an increase in metabolic activity was found when encapsulated 

SCs were shifted to a low serum media required to support neuronal differentiation. This trend was 

not observed in cells cultured in a high serum media. This impact on cell survival has been observed 

by Syroid et al. [41] who reported that cellular metabolism of SCs increases as cellular viability 

decreases in response to low serum media. The opposite trend was observed when cells were treated 

with a high serum media remain viable but quiescent [41]. It is possible that the SC increase in 

metabolism is a response to serum deprivation in an effort to reach a neurotrophic source. While 

low serum provides the conditions in which neuronal differentiation is elicited due to removal of 
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mitogenic factors [39, 42], programmed cell death has been reported as a mechanism to adjust cell 

numbers, where cells that fail to secure a source of survival factors eventually die [42]. SCs are 

provided with survival factors upon close association with axons [43, 44]. Likewise, during this 

process SCs express ECM molecules that present neurons with attachment cues and growth factors 

[45, 46]. Cell viability was not detrimentally affected by the microenvironment provided by PVA-

SG hydrogels, however the decrease in serum required to support neuronal differentiation, did 

reduce viability. It is possible that in the presence of neurons this effect may be lessened as SCs 

receive cues from the differentiating neural cells. Nonetheless, further research is required to 

elucidate the effect of a more representative in vivo environment where serum levels are not 

relevant and nutrients are mainly provided by extracellular fluid. 

Maturation of nerve structures in peripheral nervous system depends in part on the ability for SCs to 

extend cytoplasmic processes. These cellular extensions are critical for SC migration, nerve fibre 

segregation and myelination [17, 47, 48]. It has been suggested in previous studies that glial cells 

develop more cytoplasmic processes when grown within scaffolds with mechanical modulus around 

1 kPa to 2 kPa [37]. These results indicate that the 5 wt% PVA-SG (with approximately 10 times 

lower K), did not provide sufficient support for the SCs to anchor and grow cytoplasmic extensions. 

This conclusion is supported by studies undertaken by Zhou et al. [7] where it was demonstrated 

that SCs develop less processes when substrate stiffness is reduced below 0.76 kPa. Since hydrogels 

get softer as they degrade it is possible that cell adhesion sites are lost during this process. Gu et al. 

[10], conducted a study where SCs expressed lower amounts of cell-adhesion proteins as substrate 

stiffness decreased. Since SCs respond dynamically to substrate stiffness [7, 9, 10], it is possible 

that the softer material hindered the cellular capacity to extend processes. Alternatively, gelatin 

elution due to backbone degradation may further hinder cellular expansion. 

Notably, it was observed that SCs cultured in 10 wt% PVA-SG more frequently adopted 

morphologies that resemble structures reported in vivo, than their 5 wt% counterparts. SCs can 
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dedifferentiate, resume proliferation and adopt morphologies to support tissue regeneration 

following nerve injury [17, 47]. Bipolar morphologies and linear arrangements of cell strands 

termed “Bands of Büngner” are common supporting morphologies, which provide regenerating 

axons with topographical and biochemical cues [17]. In addition, oval shaped cells with active 

pseudopodia hold a physiological relevance during the development of PNS [17]. The cellular 

population adopting bipolar morphologies or associating into cell strands was ~25 times higher 

when grown within 10 wt% than in 5 wt% hydrogels. This impact on phenotypic morphologies was 

mainly observed at Day 2 (Figure 4A) and Day 5 (Figure 4B) when hydrogel K was 1.7 kPa and 0.9 

kPa, respectively. While mechanical modulus was similar to reported nerve tissue elastic modulus 

(0.2 kPa - 2kPa) [6, 33], this cellular response to hydrogel stiffness was minimal within 5 wt% 

PVA-SG which presented cells with a stiffness within 0.5 kPa - 1kPa during initial time points. It 

has been suggested that glial cells are better supported within the stiffer range of nerve tissue elastic 

modulus (1 kPa - 2 kPa) [7, 37]. Georges et al. [37] showed that astrocytes attach and adhere better 

when grown on ~1 kPa substrates based on the presence of more organized F-actin structures, 

whereas astrocytes in substrates softer than 1kPa tended to remain as round bodies.  

The main limitation observed in both systems was the decrease in expression of phenotypical 

morphologies observed from Day 5 to Day 10 post-encapsulation. One possible cause is that the 

degradation rate was fast enough to deprive cells from attachment points. However, the limited 

access to nutrients upon serum removal could be a confounding factor. Although the degree of 

cellular expansion decreased as the hydrogels degrade, future studies are required to assess the 

effect of an in vivo environment where extracellular fluid, as the main factor of degradation, is 

expected to be limited. It is possible that hydrogel functional groups will require modification to 

alter the degradation rate and allow cells to develop within the constrained fluid flow conditions 

present upon in vivo implantation. 
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ECM molecules influence cellular behaviour and control neural stem cell differentiation as they 

migrate and develop into mature neurons or glia [49, 50]. In particular, laminin [51] and collagen-

IV [52, 53] are critical for development of neurons in PNS [45]. It was found that SCs within the 

3D hydrogel environment expressed both laminin and collagen-IV. This expression was expected as 

previous reports have found that laminin and collagen-IV are the major constituents of SC ECM 

[53, 54]. Increased expression of laminin has been regarded as an element to promote enhanced 

axonal growth [55]. As shown in Figure 6B the highest expression of laminin occurred in 10 wt% 

hydrogels when substrate stiffness was close to 1 kPa (an average neural environment). It is 

possible that the enhanced laminin expression in 10 wt% hydrogels was due to cells being presented 

with a 1 kPa modulus for longer periods than cells in 5 wt% hydrogels. This mechanical modulus 

mediated impact on laminin expression has also been observed by Ning et al. [56] where laminin 

expression increased ~2 times when SCs were cultured in alginate hydrogels with stiffness of 1.17 

kPa in comparison with cells cultured within 6 kPa - 10 kPa gels. An important implication of this 

finding is that neurons preferentially extend longer neurites when grown on ~1kPa substrates [11, 

14, 57]. As such it is expected that SCs encapsulated within 10 wt% PVA-SG should be able to 

promote an enhanced neurite outgrowth result through a combined effect from substrate mechanical 

modulus and an increase in laminin expression.  

Previous reports have shown that collagen-IV up regulation is indicative of a cellular response to 

nerve injury [58]. It has also been reported that in vivo collagen-IV is mainly present in the 

perineurium and that collagen fibrils provide the perineurium with its tensile strength [17]. It is 

suggested that the increased expression of collagen-IV may be a cellular response to physically 

restore cellular milieu. However, high levels of expression were only sustained in 10 wt% 

hydrogels. Since 5 wt% gels degraded faster than 10 wt%, this suggests that cells may require a 

longer degradation rate to allow an appropriate ECM assembly to replace the degrading network. 
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In this study there were no chemical factors stimulating cell growth, alignment or migration nor 

overload of ECM components, such as fibronectin influencing cellular responses. As such the 

physical property of substrate stiffness was the dominant factor influencing SC morphology. These 

studies indicate that 10 wt% PVA-SG gels are preferable for supporting SCs in 3D neural tissue 

engineering than 5 wt% PVA-SG gels. However, the ability of SCs to adapt to the environment 

suggests that the addition of neural cells within the hydrogel may impact on these findings. 

Furthermore, the use of media to support these cells in vitro is a confounding factor that is difficult 

to assess when considering that these scaffolds are intended to be supported within an in vivo 

environment. While SC responses in vivo are beyond the scope of this study, the impact of co-

culture with neural cells was an important next step. 

As expected, encapsulated cells in co-culture were found to have a higher cellular viability at Day 2 

and Day 5 (>90%) in comparison with standalone SC encapsulation studies (80%-84%). This 

impact on cellular viability was most likely due to the presence of growth factors that are known to 

be provided by contact with neurons [59]. This degree of support was also observed by an increase 

in cellular density. While standalone SC density decreased to 20% by Day 5, SC in co-culture with 

PC12 cells were found to increase (1.7 fold) and maintain a constant cellular density throughout 

study period (Figure 7B). Since cell culture conditions were shifted from proliferation (high serum) 

to differentiation (low serum) at 3 Days post-encapsulation, there were no exogenous growth factors 

that could explain the increase in SC population other than mitogenic factors provided by PC12 

cells, a phenomena that has been observed when co-culturing dorsal root ganglion cells with SCs 

[44]. Although further studies are required to decouple the metabolic activity contribution of each 

cell type, this increase in metabolic activity is most likely due to PC12 differentiation and 

consequent neurite outgrowth. This was further supported by assessing β-III tubulin expression 

associated with neurite outgrowth of encapsulated PC12 cells with SCs in comparison with 

encapsulated standalone PC12 cells.  
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PC12 cells have been used to study neuronal differentiation and explore the function of sympathetic 

neurons [60, 61]. Specifically, PC12 cells represent the last stage of sympathetic neuron 

development characterised by differentiation of sympathetic neural progenitors into post-mitotic 

sympathetic neurons [60, 61]. Previous studies suggest that a starvation of mitogen nutrients in the 

media, forcing neural progenitors to extend processes and innervate target cells, triggers this event 

[38-40]. Upon innervation, target cells synthesise and supply neurons with NGF by retrograde 

axonal transport [62]. Since sympathetic neurons depend on NGF to differentiate and survive, 

populations of neurons that fail to innervate a target organ degrade and eventually die [38, 39]. 

During this process SCs provide sympathetic neurons with trophic factors and a substrate rich in 

ECM molecules, where the most abundant are laminin and collagen-IV [46]. Likewise, outgrowing 

peripheral nerves provide SCs with mitogenic factors that support glia proliferation in development 

and nerve injury [44]. This mutually supportive phenomenon is representative of functional neuron 

and glia co-cultures during both neuronal development and nerve injury repair [44, 46]. 

In vitro, PC12 cells can be used to reproduce this scenario by providing a substrate rich in laminin 

or collagen-IV, reducing serum in media and supplementing cultures with NGF. This can also be 

achieved by co-culturing neurons with their respective glia. However, while neuron/glia co-cultures 

have been shown effective on 2D substrates [63-68], traditional cell layering techniques where glial 

cells are allowed to reach confluence followed by seeding neuronal cell lines, are limited in that 3D 

encapsulation requires simultaneous incorporation of both cell types cultured in same nutrient mix 

and signalling factors. In this study it is shown that, using PC12 cells and SCs in simultaneous 

encapsulation within PVA-SG hydrogels, the mutually supportive phenomenon can be recapitulated 

presented as the increase in neurite outgrowth together with the enhanced metabolic activity and the 

increase in SC number. Furthermore, the most remarkable result was SCs ability of extending a 3D 

cellular matrix inside the hydrogel 8 Days post-encapsulation, which presented PC12 cells with a 

substrate to extend neurites. This neurite network was decorated with laminin and collagen-IV 
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produced by SCs. Overall, this is a clear indication that the PVA-SG microenvironment allows SCs 

to physically and biochemically support neurite outgrowth.  

The degree of association into neuronal networks was comparable with a similar study conducted 

on encapsulated primary tissue explants [18]. While Suri et al. [18] found that SCs and DRG 

neurons associate into neuronal networks when simultaneously encapsulated in a 

collagen/hyaluronic acid/laminin hydrogel, the abundant presence of ECM components limit the 

ability to assess whether neuronal development is promoted by SCs or by ECM molecules. In 

contrast, the present work shows that SCs were able to support PC12 development without the 

inclusion of exogenous ECM molecules based on the hypotheses that neuronal support can be better 

promoted by the incorporation of accessory cells, which were supported by the physical properties 

of PVA-SG hydrogels. One disadvantage of the current approach is that it requires NGF 

supplementation to allow for PC12 survival and differentiation. Further research will assess a more 

responsive non-trophic dependent primary neuroprogenitor model.  

The significance of these results is that PVA-SG hydrogels can be used as a platform to reproduce 

cell culture techniques that are representative of in vivo nerve tissue regeneration. Furthermore, the 

backbone chemistry of PVA-SG hydrogel enables for seamless integration with conductive 

hydrogel technologies that are used as a substrate in the emerging field of living bioelectronics [34, 

69, 70]. 

5. Conclusions  

SCs are clearly an essential component for development of functional neural networks in 3D using 

PC12 cells. SCs are known to present with very different phenotypes that can be inferred from 

morphological characteristics. It was found that SCs dynamically respond to PVA-SG stiffness, 

with changes in ECM expression that were dependant on the mechanical moduli of the degrading 

hydrogel. These findings, supported by literature, suggest that glial cells are better supported within 

the stiffer 10 wt% hydrogel. The main limitation observed was the decrease in cytoplasmic 
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extensions and expression of phenotypical morphologies as the hydrogel degrades.  While a fast 

degradation rate could be depriving cells from physical support, this limitation could be addressed 

by slowing the degradation rate of the hydrogel scaffold by increasing the number of crosslinking 

groups per PVA chain. 

SCs were simultaneously encapsulated with PC12 cells to assess the required conditions that 

promote SC support of neuronal-like cells into networks. SCs and PC12 cells successfully 

associated into networks within 10% PVA-SG hydrogel. Further research will assess the PVA-SG 

potential to enable formation of functional neuronal networks with tissue cultures such as stem cells 

or primary tissue explants to better mimic in vivo cell behaviours, in particular, the ability of 

establishing functional synaptic connections with target tissue. It is also essential to assess the 

impact of a mechanically constrained environment with an uncertain access to nutrients, resembling 

conditions presented to implanted devices in vivo. In parallel, further exploration on hydrogel 

scaffolds topography is required to promote cellular alignment to direct neurite outgrowth towards 

target tissue. 
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