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Abstract 

Stem cells can provide neuro-protection and potentially neuro-replacement to patients suffering 

from traumatic brain injuries (TBI), with a practical option being delivery via engineered 

scaffolds. Collagen (Coll) and glycosaminoglycan (GAG) have been used as scaffolds for brain 

tissue engineering yet they often do not support cell differentiation and survival. In this study, we 

developed interpenetrating polymer network scaffolds comprising Coll, and incorporating two 

commonly found GAGs in the brain, chondroitin sulfate (CS) and/or hyaluronic acid (HA). We 

seeded these scaffolds with mouse neural stem cells from the subventricular zone (SVZ) niche. 

Compared to Coll-alone, all other substrates decreased the percent of nestin+ stem cells. Coll-

CS-HA was more efficient at suppressing nestin expression than the other scaffolds; all SVZ 

cells lost nestin expression within 7 days of culture. In contrast to nestin, the percentage of 

microtubule associated protein 2 (MAP2+) neurons was greater in scaffolds containing, CS, HA 
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or CS-HA, compared to Coll alone. Finally, Coll-CS increased the percentage of glial fibrillary 

acidic protein (GFAP+) astrocytes compared to Coll scaffolds. Overall, this work shows that 

Coll-HA and Coll-CS-HA scaffolds selectively enhance neurogenesis and may be advantageous 

in tissue engineering therapy for TBI. 

 

Keywords: scaffold, subventricular zone, collagen, chondroitin sulfate, hyaluronic acid 

Statement of Significance 

Brain injury is devastating yet with few options for repair. Stem cells that reside in the subventricular 

zone (SVZ) only repair damage inefficiently due to poor control of their cellular progeny and unsuitable 

extracellular matrix substrates. To solve these problems, we have systematically generated collagen 

(Coll) scaffolds with interpenetrating polymer networks (IPN) of hyaluronic acid (HA) or chondroitin 

sulfate proteoglycans (CS) or both. The scaffolds had defined pore sizes, similar mechanical properties 

and all three stimulated neurogenesis, whereas only CS stimulated astrocyte genesis. Overall, this work 

suggests that Coll-HA and Coll-CS-HA scaffolds selectively enhance neurogenesis and may be 

advantageous in tissue engineering therapy for brain repair. 

 

1. Introduction 

The central nervous system (CNS) is a vulnerable system and is subject to traumatic brain injury 

(TBI). Approximately 2% of the US population are affected by disability resulting from TBI, and 

there are over 300,000 admissions annually in the UK for acquired brain injuries [1, 2]. Patients 

suffering from TBI will often experience loss of functions such as memory, movements and 

cognition. In severe cases, TBI is fatal [3, 4]. Recovery from these injuries is often difficult due 

to the inability of mature neurons to regenerate. Many studies have focused on transplanting 

neural stem cells (NSC), fetal tissue explants, engineered scaffolds and recently, cerebral 

organoids [5-12]. However, these studies often encounter problems including low cell viability, 

low neuronal differentiation, and high batch-to-batch variability [5-12]. The discovery of adult 

neurogenesis in the subventricular zone (SVZ), which lines the lateral ventricles has provided 

great hope for a potential therapy to regenerate lost tissue. After brain injury, SVZ cells 

proliferate at greater rates and doublecortin+ (Dcx+) newborn neurons migrate actively towards 

TBI, signifying an intrinsic attempt at repair [13-15]. However, the repair is insufficient and 

many groups are seeking interventions to augment this natural brain reparative process. 

The purpose of a scaffold in tissue engineering is to mimic the extracellular matrix (ECM) of the 

tissue, providing mechanical support as well as chemical instructions. The major components 

within the human brain ECM are hyaluronic acid (HA), chondroitin sulfate proteoglycans (CSPG) 

and heparin sulfate proteoglycans. HA and CSPG are most commonly found in the neural 

interstitial matrix and in perineuronal nets [16]. HA is highly expressed in the SVZ and in the 

rostral migratory stream (RMS), the newborn neuron pathway to the olfactory bulbs, their 

normal destination [17]. It is important to note that CSPG is also expressed in the SVZ and RMS 

[18] and thus scaffolds made of it and HA could be ideal for culture and transplantation. The 

RMS exists in human infants [19] but has been controversial in adults [20, 21]. HA also 

accumulates around the lesion area of a photothrombotic stroke into which neurons migrate [17]. 
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Functionally, HA supports cell differentiation, activates cell receptors for growth, [22] and 

participates in inhibiting scar formation [23]. On the other hand, CSPG promotes glial scar 

formation after brain injury. CSPGs are significantly upregulated by astrocytes and form a large 

portion of the glial scar, which inhibits neurite outgrowth and thus regeneration [24]. Previous 

studies digested CSPG using chondroitinase ABC (chABC) and showed that removal of the glial 

scar enhanced axonal spouting [25]. In contrast, CSPGs implanted into a TBI increased Dcx+ 

cell numbers, proliferation, brain-derived neurotrophic factor (BDNF) and glia-derived 

neurotrophic factor (GDNF) expression [26]. BDNF is a regulator of adult CNS synapses 

whereas GDNF is a neurotrophic factor that enhances neurite outgrowth. Hence, it is difficult to 

generate a conclusive statement on the effectiveness of CS as a potential scaffold for CNS tissue 

engineering. Furthermore, the combined effects of HA and CS are not well understood. 

Published studies using Coll-based scaffolds for TBI treatment thus far lack direct comparison of 

the effects of HA and CS on brain tissue engineering [26-28].  

Here, we fabricated three interpenetrating network (IPN) scaffolds: collagen with chondroitin 

sulfate proteoglycan (Coll-CS), collagen with hyaluronic acid (Coll-HA) and collagen with 

chondroitin sulfate proteoglycan and hyaluronic acid (Coll-CS-HA) to study their physical and 

biological properties for brain tissue engineering and to compare them with collagen (Coll) 

scaffolds. Synthesis of the IPN was successful in incorporating GAGs onto the Coll structure 

while maintaining similar mechanical properties. Biologically, Coll-GAG scaffolds increased 

neuronal differentiation from SVZ NSCs compared to Coll. We also demonstrated that the IPNs 

reduced nestin expression with Coll-CS-HA resulting in complete loss a Day 7 and on. Finally, 

Coll-CS promoted astrocytic differentiation compared to Coll.  

 

2. Materials and Methods 

Fabrication of Coll and IPN scaffolds 

Coll scaffolds were prepared from type I Coll from bovine Achilles tendon (Sigma Aldrich, 

C9879) via a freeze-drying method. 0.75g or 1.0g of Coll slurries were mixed with 100 mL water 

in an ice bath to form 0.75wt% or 1.0wt% Coll suspensions. The pH was adjusted to 3.2-3.5 by 

dropwise addition of ethanoic acid. The mixture was blended by a household blender (Breville, 

IHB086), followed by 5 mins’ centrifugation at 2,500 rpm (relative centrifugal force = 1,015g) to 

remove trapped air bubbles (Thermo, IEC CL10). The mixture was then refrigerated at 4°C 

overnight for the solution to diffuse and become homogeneous again, followed by casting in 

cylindrical PTFE moulds (8 mm diameter, 15 mm height) and frozen in a -80°C freezer (Sanyo, 

Ultra Low Freezer) for at least 4 hrs. Subsequently, the mixture was freeze-dried in a Christ 

Alpha I-5 freeze-dryer for 24 hrs.  

Coll-HA scaffold was formed via an EDC/NHS crosslinking approach. Freeze dried 0.75wt% 

Coll scaffolds were stirred in absolute ethanol for 30 mins. An HA crosslinking solution 

containing 0.25wt% sodium hyaluronate (Mw = 1.5-2.2 MDa, ACROS Organics, 9067-32-7), 60 

mM N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Sigma Aldrich, 

25952-53-8), 30mM N-hydroxysuccinimide (NHS) (Sigma Aldrich, 6066-82-9), 30 molar excess 

(of HA) adipic acid dehydrate (ADH) (Sigma Aldrich, 1071-93-8), and 50 mM 2-

morpholinoethane sulfonic acid (MES) hydrate (Sigma Aldrich, 1266615-59-1) was allowed to 

react for 4 hrs on a stirrer at room temperature, and subsequently stored in a 4°C refrigerator for 
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a minimum of 12 hrs before adding Coll. ADH functionalised HA by addition of NH2 bonds onto 

HA molecules, which were then crosslinked to their carboxylic groups to form a secondary 

network. To add the HA network onto Coll, 0.75wt% scaffolds were immersed in the 

crosslinking solution for 4 hrs, washed once in 0.1M Na2HPO4 solution for 1 hr, twice in 

distilled water for 1 hr, frozen at -80°C and then freeze-dried for 24 hrs.  

Coll-CS scaffolds were synthesised via a similar approach. 0.75wt% Coll scaffolds were mixed 

with absolute ethanol for 30 min to dehydrate, then immersed in a CS (chondroitin-6 sulfate 

sodium salt from shark cartilage, Sigma-Aldrich, C4384) secondary network solution consisting 

of 0.25wt% CS, 60 mM EDC, 30 mM NHS, 30 molar excess (of CS) ADH, and 50 mM MES 

hydrate for 4 hrs on a stirrer at room temperature. The crosslinking solution has been previously 

reacting for 4 hrs to form the secondary network and stored in a 4°C fridge for a minimum of 12 

hrs. The scaffolds were then washed and freeze-dried via the same way as Coll-HA.  

Coll-CS-HA scaffolds were synthesised by adding ethanol-dehydrated 0.75wt% Coll scaffolds to 

a HA-CS crosslinking solution containing 0.25wt% HA, 0.25wt% CS, 60 mM EDC, 30 mM 

NHS, 50 mM MES, 30 molar excess (of CS and HA) ADH, and ADH for 4 hrs. This solution, 

again, has been reacting and kept in the same condition as above. The scaffolds were then 

washed and freeze-dried. All other Methds described in the Supplementary Materials. 

Statistical analysis 

Results are presented as mean ± standard deviation. Student’s unpaired t-test carried out in 

GraphPad were used for comparison between two groups and one-way ANOVA for comparisons 

between three or more groups were used to determine the statistical significance of differences 

between sets of data. P<0.05 was used to determine significance. N=3 experiments were used for 

all studies were taken unless otherwise stated.  

Results 

3.1 Morphology and pore size of Coll and IPNs 

SEM images of the cross-sections of 1.0wt% Coll and IPNs are shown in Fig. 1A and B. All IPN 

scaffolds were synthesised based on 0.75wt% Coll scaffolds. Images in panels A and B were 

taken at different magnifications to reveal their overall and internal pore structure.  

Our results clearly showed that all IPNs exhibited highly porous foam-like structures similar to 

that of Coll. The freeze-drying process was effective in producing a highly porous structure. The 

pores were interconnected, allowing infiltration of cell culture media nutrients, growth and 

expansion of NSCs, and intermingling between cell colonies. When CS and HA were added, 

their pore structure became more distorted, as evidenced by extensive side-branches within the 

primary pores.  

Fig. 1B shows a more distorted pore structure and an extensive growth of struts that led to a 

formation of secondary pores (arrowheads) on Coll-CS-HA. The original Coll structure was still 

observable by the thicker walls between the primary pores. Hence, it is implied that the growth 

of secondary pores has led to a reduction in the average pore size of Coll-CS-HA.  

For 1.0% Coll, the pore size was defined by the size of ice crystals formed in the -80°C freezer. 

IPNs were based on 0.75% Coll, and the addition of CS and/or HA onto 0.75% Coll would create 
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secondary pores within the Coll primary network. It was indeed shown in Fig. 1C that the 

addition of CS and HA together had significantly reduced the pore size of Coll-CS-HA. Fig. 1C-

F show the comparative pore sizes if the four scaffolds. 

All scaffolds were in the optimal pore diameter range suitable for NSC culture, allowing both 

easy infiltration of cells as well as adequate cell-scaffold interaction in a 3D environment 

[33][29]. The differences between Coll, Coll-CS and Coll-HA were not determined to be 

significant, although the avearge pore size of Coll-CS was roughly 139±9 μm compared to Coll 

of 104±14 μm. Coll-HA had a very similar pore diameter to Coll of 96±38 μm, although its pores 

were more distorted, as evidenced by a larger standard deviation. Addition of CS and HA 

simulataneously however, had led to an extensive growth of struts and secondary pores within 

the Coll structure, which in turn reduced the average pore diameter to approximately 41±5 μm.  

3.2 Fourier-transformed infrared spectroscopy 

Spectra of the IPNs were similar to that of Coll as shown in Fig. 2A. Superimposed FTIR spectra 

revealed that the IPNs caused amide I and II of Coll to shift slightly to lower frequencies (Fig. 

2C), and a decreased absorption in Fig. 2C and Fig. 2D. In this case, such peak shifts are most 

likely due to changes in relative intensities of adjacent peaks, resulting in the overlapping peaks 

appearing to be shifted.  

Apart from the 1078-1080 cm
-1

 peak on Coll and Coll-HA, another peak was found on Coll-CS 

and Coll-CS-HA near 1061 cm
-1

 shown in Fig. 2B. This was due to the highly sulfated GAGs, 

which was CS in this case [30]. The increase in peak intensities of all IPNs, especially Coll-HA 

and Coll-CS-HA at around 1080 cm
-1

 region, also reflected the carboxylic groups of the uronic 

acid moiety of GAGs [31]. Coll-CS-HA had the highest intensity here, which was most likely 

due to the addition of HA and CS together. Between 1000 cm
-1 

and 1140 cm
-1

, Coll-CS and Coll-

CS-HA both had higher intensities compared to Coll and Coll-HA. Coll-CS-HA had the highest 

intensity, indicating a higher concentration of the polysaccharides [32].  

Shown in Fig. 2E, the broad bands around 3200 cm
-1 

to 3400 cm
-1

, centred at 3315 cm
-1

, were 

due to the O-H stretching mode of polysaccharides and N-H stretching vibration of the N-acetyl 

side chain. During crosslinking, hydrogen bonds were formed by joining C=O on HA and CS 

with N-H on ADH-modified HA or joining C=O on Coll with N-H on Coll. This formation 

broadened the bands around this region, and was also reflected in Fig. 2e. Coll-CS-HA did not 

show an increase but a somewhat narrower band here [31]. This was due to the prior crosslinking 

which took place between CS and ADH-modified HA before the addition of Coll.  

Fig. 2F illustrates the second derivatives curves of Coll and IPNs between 800 cm
-1

 and 1800 

cm
-1

. Typical Coll peaks were again obvious, as shown in 1628 cm
-1

, which corresponded to 

amide I, in 1549 cm
-1

, which corresponded to amide II, and in 1339 cm
-1

, which corresponded to 

CH2 side chain vibration [33]. These peaks were found in all IPNs, further validating our 

previous finding that the original Coll structure remained unchanged.  

In addition, S-O-C bonds were found on Coll-CS and Coll-CS-HA at around 858-862 cm
-1

. 

Peaks at this area shifted away from Coll and Coll-HA. S-O-C is a characteristic bond of CS, 

indicating the presence of CS within Coll-CS and Coll-CS-HA. Unsurprisingly, Coll-HA 

overlaps with Coll around this region.  
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Overall, Coll-CS-HA showed higher peak intensities in second derivatives. Coll-CS and Coll-

CS-HA also showed a slight shift to lower wavenumber at the amide II peak, which was 

consistent with the FTIR findings. Peaks of Coll-HA however, did not show any significant 

differences compared to Coll.  

Band assignments for secondary derivatives are shown in Table S3. As mentioned previously, 

band shifts of 4 cm
-1

 were deemed significant. Compared to Coll, a number of significant shifts 

from Coll-CS were seen, namely at amide I (-6 cm
-1

), CH3 asymmetric bending (+4 cm
-1

 and -6 

cm
-1

), amide III (-4 cm
-1

), and C-O-S asymmetric stretching (+13 cm
-1

). Similarly, Coll-CS-HA 

also caused several peak shifts at amide II (-12 cm
-1

) and C-O-S asymmetric stretching (+9 cm
-1

). 

Coll-HA on the other hand, did not shift extensively at these peaks.  

The ratio of pyrolidonic ring and amide III provided information about the denaturation of Coll 

triple helix, as pyrolidonic rings stabilises the secondary structure of Coll. Table S4 shows 

similar ratios of amide III (1244 cm
-1

) to pyrolidonic ring (1452 cm
-1

) of the IPNs to Coll as 

GAGs were added. Ratios for all scaffolds were around 1, which is consistent with previous 

findings [34]. Denatured Coll triple helix has an amide III/pyrolidonic ring ratio of 

approximately 0.6 [35]. These results clearly showed that the IPNs synthesis method well 

preserved the original Coll triple helix structure, avoiding the degradation of collagen.  

Fig. 3 illustrates the compressive modulus of porous scaffolds. The elastic modulus of Coll-CS- 

HA in a foam phase was 27.9 kPa, which was statistically significantly higher than those of Coll, 

Coll-CS and Coll-HA, whose modulus were 14.6 kPa, 16.3 kPa and 16.8 kPa respectively. As 

expected, when densities of scaffolds were considered and taken into the Gibson- Ashby 

equations, there was no significant differences between the interlaced scaffolds and Coll, as 

illustrated by Fig. 3A. While the exponent equalled to 3/2, the normalised compressive moduli of 

the solid phases of Coll-CS, Coll-HA and Coll-CS-HA were 0.93±0.02, 0.84±0.21 and 

0.93±0.14. Coll-HA showed a decline in its normalised modulus despite a similar compressive 

modulus at the foam phase. One reason for this decline could be an increase in Coll-HA density 

compared to Coll (16.4 kg/m3 to 22.6 kg/m3). Nevertheless, this result indicates that at a 

microscopic level, the local stiffnesses of the materials remained unchanged. While the exponent 

equalled to 2, the normalised compressive moduli of the solid phases of Coll-CS, Coll-HA and 

Coll-CS-HA were 0.89±0.02, 0.85±0.10 and 0.73±0.10 respectively. Coll-CS-HA in Fig. 3A had 

a lower normalised compressive modulus compared to in Fig. 3B. This was because the exponent 

of -2 overpowered the high compressive modulus, and thus appeared to be lower.  

3.3 Alcian blue indicates the presence of HA in Coll-HA IPNs 

Fig. 4 illustrates the histological staining by alcian blue of HA on Coll and two different 

concentration of HA IPNs: 0.75%Coll-0.25%HA and 0.5%Coll-0.5%HA by alcian blue. 

0.75%Coll-0.25%HA was the Coll-HA used in other studies. Alcian blue is pH-controlled and 

stains that stained cations in GAGs in blue, and neural components, such as Coll, in grey.  

Alcian blue staining indicated successful incorporation of HA onto Coll, as shown by the 

obvious blue branches on the surface of two Coll-HA scaffolds. Higher magnification images 

showed that HA networks could coexist with Coll struts and were also able to construct 

independent networks. This was shown by white arrowheads pointing to HA-rich regions and 
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black arrowheads pointing to Coll-rich regions. Blue struts on IPNs might not always indicate 

independent HA networks, as they may merely be HA forming over Coll branches.  

Unsurprisingly, increasing HA concentrations on the IPNs led to an increased blue staining on 

the scaffolds. Comparing the two IPNs, 0.75%Coll-0.25%HA had more struts where both Coll 

and HA co-exist, which indicates that the HA concentration was low enough for exposing both 

Coll and HA. On 0.5%Coll-0.5%HA however, most struts, apart from the two black arrowheads, 

appeared to be completely blue.  

3.4 IPNs decreased nestin expression 

Cells seeded did not aggregate on the surface or at the edge of the scaffolds. Instead, colonies 

were distributed in uneven patterns throughout the scaffolds, indicating random infiltration and 

or migration of NSCs and their progeny. As shown in Fig. 5A, over a 21-day period, the 

percentage of nestin+ cells gradually declined in all scaffolds. This implies that the NSCs started 

differentiating and losing nestin expression, even though they were cultured in the presence of 

growth factors that stimulated NSC self-renewal. Coll-CS-HA showed significantly less nestin+ 

expression compared with Coll throughout the 21-day period. After D4, no nestin+ cells could be 

found on Coll-CS-HA at all, pointing to a higher degree of differentiation. Even at day 4, nestin 

expression on Coll-CS-HA was lower compared to other scaffolds. Coll, on the other hand, 

supported the largest number of nestin+ cell at day 4, where almost half of the cells expressed 

nestin. Coll-CS and Coll-HA however, only had around 20% nestin+ cells. At later time points, 

the percentage of nestin+ cells on Coll no longer become significantly higher than Coll-CS or 

Coll-HA. The final percentage of nestin+ cells at day 21 was 9±4% for Coll, 7±3% for Coll-CS 

and 6±5% for Coll-HA respectively. There was no obvious difference in the percentage of cells 

expressing nestin on Coll-CS and Coll-HA. Both showed a gradual decline of nestin+ expression 

during the culture period. From day 7 to day 21 however, the decline was less significant.  

PHi3 is a nuclear marker for proliferating cells. In order to qualitatively show the proliferative 

ability of SVZ stem and progenitor cells in the scaffolds, we co-stained nestin with PHi3 on Coll, 

Coll-CS and Coll-HA in proliferation media at 14 and 21 day in vitro (N=1). Co-expression of 

nestin and PHi3 is indicative of a proliferating stem cell. Coll-CS-HA is not shown because no 

nestin+ cells were found on that scaffold type at days 14 and 21. On the other scaffolds, many 

cells were found to express both nestin and PHi3 (Fig. 6). There were also cells expressing only 

PHi3 or nestin. These are likely proliferating neuroblasts or astrocytes, or nestin+ cells starting to 

differentiate. No primary controls showed only a weak background fluorescence from the 

secondary antibodies used (Fig. S2). A range of different intensities was observed with PHi3 

staining, likely due to NSCs being at different stages of proliferation, as PHi3 only labels a small 

portion of the cell cycle (M phase).  

3.5 Coll-CS induced higher GFAP expression 

Glial fibrillary acidic protein (GFAP) is a classic marker of differentiated astrocytes. We found 

two astrocyte morphologies in our scaffolds, bipolar or stellate (Fig. S3). Bipolar astrocytes were 

GFAP+ cells with two processes emanating in opposite directions and stellate astrocytes were 

GFAP+ cells with three or more processes oriented in any direction vis-à-vis one another. We 

did not discern significant differences in astrocyte morphology in the different scaffolds (Fig. S5). 

Interestingly, the percentage of cells expressing GFAP on Coll-CS was significantly higher at 
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days 7, 14 and 21, compared to other scaffolds, by 38±11%, 34±1% and 31±6%, respectively 

(Fig. 7). Coll-CS also increased the percentage of GFAP+ cells to 37% at day 4, although this 

was not statistically significant compared to other scaffolds in which the percentage ranged from 

25-27%. There were no obvious differences in the percentage of GFAP+ cells between Coll, 

Coll-HA and Coll-CS-HA at any of the time points (Fig. 7).  

3.6 Map2 neuronal marker expression increases in scaffolds with IPN 

Neuronal differentiation from NSCs was studied with two markers: Dcx, which is expressed by 

young neurons, and MAP2, which is expressed by mature neurons (Fig. 8). We used epidermal 

growth factor (EGF) and fibroblast growth factor (FGF) containing proliferation media here 

since TBIs are often associated with increased growth factor expression in the lesion and we 

sought to determine if scaffolds could support differentiation despite this. We found that 

approximately 10-20% of the cells on all scaffolds were Dcx+ (Fig. 8B). Interestingly, no 

significant differences in the percent of cells that expressed Dcx were seen across different 

scaffolds at any of the time points (Fig. 8B). Furthermore there was no significant change in the 

percent of Dcx+ cells throughout the 21-day period. The typical bipolar Dcx+ morphology 

remained similar in the scaffolds.  

Fig. 8C illustrates quantification of MAP2+ cells on Coll and IPNs in proliferation media. On 

Coll-CS and Coll-HA, MAP2+ cells increased from 20±5% at day 14 to 25±6% and 27±6% at 

day 21, respectively, while the percentage of MAP2+ cells on Coll only slightly increased from 

12±2% to 13±1%. Enhancement in MAP2+ differentiation was similar in Coll-CS and Coll-HA. 

However, the addition of CS and HA did not induce a compound effect and in fact was less than 

with the other IPNs.  

MAP2+ cells were also found on all scaffolds in differentiation media at 14- and 21-day post 

seeding (Fig. 9). Similar to their morpholgy in proliferation media, typical MAP2+ neurites were 

bipolar or stellate. Long extending neurites, both within the colonies and radiating out from them 

were more obvious in differentiation than in proliferation media. No nestin expression was 

observed in any of the scaffolds in differentiation media, signifying it was indeed inducing 

differentiation (not shown). 

Supporting this, all three IPNs led to a significant increase in MAP2+ labelling at D14 in 

differentiation media (Fig 9B). The percentage MAP2+ was around 20% in Coll and increased to 

30-40% in the IPNs at day 14 and day 21. On day 21, only Coll-HA showed a statistically 

significant increase compared to Coll. MAP2+ cells in differentiation compared to proliferation 

media, increased from 18±2% to 22±6% in Coll, and from ~20-25% to ~30-40% in IPNs. Cell 

death was eliminated as potentially contributing to these results as Caspase-3 staining showed 

limited cell death on all scaffolds (Fig. S4).  

 

3. Discussion 

In this study, we report a refined IPN synthesis method that successfully incorporates CS and/or 

HA into the Coll primary structure. The Coll-CS-HA tri-IPN structure was firstly synthesised 

and then tested on NSCs and reported here. The IPNs reduced nestin expression and 

                  



Li et  al., 2020 
Acta Biomateriala 

Page 9 of 18 

 

simultaneously increased MAP2+ expression, which could be beneficial for a tissue engineering-

based brain therapy.  

IPN strategies allow the manipulation of one network without affecting other networks in the 

same system. The crosslinking densities of HA and/or CS for example, could be easily altered 

without affecting Coll. The same applied to crosslinking of Coll, as dialysis can help remove 

crosslinking agents and avoid Coll crosslinking completely. If one wished to mix various 

materials in one step however, it would be more difficult to change the crosslinking density of 

one material without affecting the others.  

Access of nutrients and oxygen throughout scaffolds and implants is a critical issue. Importantly, 

the porous nature of all our scaffolds made it likely that growth factors and other constituents of 

the cell culture media diffused evenly throughout the networks. Cell density was not so great as 

to block all the pores and thus, we cannot rule it out, but we do not believe that deeply located 

cells were exposed to different culture conditions than cells at scaffold surfaces. Nevertheless we 

controlled for such possible differences in nutrient diffusion across scaffolds by sampling cells at 

the same range of depths from the surface of the scaffolds. 

Our IPN scaffolds attempted to avoid any chemical crosslinking between the primary and 

secondary networks, and linked the two networks by physical entanglement and attempted to 

achieve this in two steps. Firstly, excess amounts of EDC, NHS and ADH were used to crosslink 

HA and CS. This step aimed to react as many carboxylic acid groups as possible, thus forming 

an independent network before adding Coll. It is understandable that not all carboxylic acid 

groups would react due to physical impediment of the large molecules of HA and CS. Thus, we 

subsequently stored HA and CS solutions at 4
0
C overnight to ensure that EDC had lost most of 

its activity before Coll was added. Previous studies have demonstrated that, due to hydrolysis, 

the half-life of EDC in a pH 5 aqueous solution can be as low as 4 hrs [34].  

The presence of HA and/or CS within the IPNs was confirmed by FTIR and histology. Alcian 

blue staining indicated the presence of HA and suggested the formation of HA secondary 

networks shown by the individual blue struts. Increasing HA concentration also led to an 

increase in the blue regions. This indicates the unique advantage of an IPN, that it was possible 

to alter the amount of HA without affecting Coll. In addition, FTIR spectra showed the presence 

of CS by the formation of new S-O-C peaks. It is worth noting that HA and CS are both water 

soluble materials. The presence of these GAGs after at least 3 hrs of stirring proved their 

capability of forming strong and stable networks.  

The Gibson-Ashby equation is a commonly used approach to calculate the stiffness of porous 

materials. The constant local stiffnesses was expected as addition of an additional network 

should not alter the original primary network, or Coll. The measured stiffness should invariably 

depend on the individual stiffnesses of Coll or GAGs themselves. One previous study suggested 

that the mechanical properties of 1.0wt% Coll scaffold resembled rats’ brains [36]. The local 

stiffness of interlaced networks was very similar to that of Coll and therefore their mechanical 

properties were within an appropriate range. The values for the compressive testing with 

exponent of 2 tended to be lower in the IPNs compared to collagen alone and was lowest on 

Coll-CS-HA, but these differences were not statistically significant. Compressive testing with 

exponent 3/2 also did not show statistically significant differences between the scaffolds. In this, 

and a few of our other experiments, it is possible that more replicates would have resulted in 
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statistical significance. Nevertheless, several of our studies, for example, the  pore size of 

different scaffolds and the percentage of nestin+ cells in them, indeed showed significant 

differences. This indicated that the study in general was sufficiently powered. 

The first phase of SVZ neurosphere culture is typically in the presence of EGF and FGF, which 

induce self-renewal, proliferation and survival of these cells. We included these media 

constituents (proliferation media) in the majority of experiments in order to induce robust growth 

of cultures in scaffolds. In the second phase of neurosphere culture, EGF and FGF are removed 

which induces differentiation. We used this “differentiation media” to assess the ability of 

different scaffolds to induce more complete neuronal differentiation (Map2+ vs TuJ1+). 

Remarkably, IPN scaffolds induced Map2 expression compared to Coll-alone. Additionally, the 

percentage of Map2+ cells was augmented in differentiation media compared to proliferation 

media, but only marginally so. These results suggest SVZ cells cultured in IPN scaffolds carry 

out robust differentiation despite culture conditions. Although the NSCs were provided with 

weekly addition of EGF and FGF in the “proliferation condition”, they lost significant nestin 

expression at Day 4 time in culture in the scaffolds containing IPNs. Surprisingly, no obvious 

nestin+ cells were found on the Coll-CS-HA scaffolds after day 4. It is reasonable to exclude cell 

death in this scenario, as Casp3 studies showed limited cell death on Coll-CS-HA scaffolds in the 

proliferation media. The lack of nestin+ expression may be due to the lack of exposed Coll on 

the scaffold, balancing most of the cells towards a differentiating phenotype. Another reason 

might be the small pore size of Coll-CS-HA, which allowed cells to fill the pore and lose nestin 

expression earlier as cells were in closer contact with the GAGs than on the other scaffold types. 

A combination of both scenarios could have contributed to the depletion of nestin+ cells.  

Additionally, we showed that compared with the other scaffolds, the percentage of GFAP+ cells, 

showing astrocyte differentiation was significantly greater on Coll-CS. Moreover all three 

scaffolds with IPNs were able to increase the percent MAP2+ cells, indicating neuronal 

differentiation. Thus, addition of both and doubling the GAGs concentration could explain the 

depletion of nestin expression. This could have potential benefits as an implant, as 

transplantation of undifferentiated stem cells could lead to tumours or teratomas due to excessive 

growth of cells [37, 38]. There may have been other cell types in our scaffolds that we did not 

detect, since we did not discern the phenotype of 100% of cells. For example, at day 21 on Coll-

CS in proliferation media, fewer than 10% of the cells were nestin+, about 30% were GFAP+ 

and about 25% were MAP2+. About 20% were Dcx+ (immature neurons) which may have 

partially overlapped with Map2 expression (mature neurons). We also detected some Olg2+ 

oligodendrocytes in these cultures (data not shown). Oligodendrocytes usually account for about 

5% of cells in differentiated neurospheres [39]. Some cells may have been undifferentiated in the 

experiments carried out in proliferation media which typically maintains stem cells and 

progenitors but constrains differentiation. A variety of progenitors have been found in single cell 

RNAseq studies of the SVZ [40, 41] and it is possible that some progenitor cells did not express 

immunodetectable nestin or GFAP, accounting for at least some of the marker-negative cells in 

these studies. 

CSPG is a component of scars formed after CNS injury [24] and of CNS cancers [42]. A major 

constituent of glial scars are reactive astrocytes that express high levels of GFAP. This is 

commensurate with our finding of high GFAP expression levels in Coll-CS scaffolds. Although Coll-CS 

led to the highest percentage of GFAP+ cells (30-40%) throughout the 21 days, the percentage 
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on Coll-CS-HA remained unchanged. This was likely because high-molecular weight HA 

inhibited astrocytic differentiation, as a similar effect has been observed in vivo [43]. There was 

no significant increase in GFAP+ labelling from day 4 to day 21 on all scaffolds. This may be 

due to astrocyte differentiation taking place rapidly within the first 4 days and then was 

maintained. Comparing the decline in nestin from day 4 to day 7, it can be extrapolated that 

many of the nestin+ cells might have directly differentiated into or given rise to astrocytes. 

Possibly due to previous findings of CS inhibiting neurite outgrowth [44], there are few studies 

[45] using CS as a potential therapy for TBI compared to Coll and HA. Our study provided 

another possible drawback for using CS, which is its ability to enhance astrocytic differentiation. 

Astrocytes have secrete CSPG and HSPG in vivo, which later form glial scars that prevent neural 

regeneration after a TBI [25, 46].  

Similar to previous studies, many of the MAP2+ cells found on scaffolds were either monopolar 

or bipolar, indicating a relatively immature phenotype even in the differentiation media [11]. 

Cells with clearly distinguishable morphology tended to be either isolated or surrounded by 

MAP2-negative cells. However, morphological studies proved to be difficult due to the 3D shape 

of the scaffolds and the high cell density. The mechanism of enhanced MAP2+ expression on 

Coll-HA scaffolds could be due to clustered of differentiation 44 (CD44), which is a surface 

receptor that binds to HA via its amino-terminal domain [47]. Previous studies discovered that 

the removal of CD44 in mouse brains enhanced proliferation and delayed neuronal 

differentiation from Dcx+ to NeuN+, another mature neuronal marker [48]. This is consistent 

with our finding that the Dcx+ population did not change but that mature marker MAP2+, was 

elevated. Previous studies have discovered that CD44 is essential for Wnt-induced activation and 

nuclear translocation of β-catenin, since down- or upregulation of CD44 was directly related to a 

decrease or increase of Wnt/β-catenin signalling [49, 50]. Thus, the effect of HA-CD44 on 

neuronal differentiation may rely on the Wnt signalling pathway, an important signaling cascade 

throughout brain development and formation of neuronal circuits. The fact that both Coll-CS and 

Coll-HA enhanced MAP2+ expression to approximately the same level, while keeping Dcx+ 

expression almost unaffected, implies that the mechanism behind neuronal differentiation may 

have been similar, if not the same. Although not much has been investigated concerning 

functional links between CS and Wnt signalling in the CNS, previous research has showed that 

digesting C6S in articular cartilage by ChABC reduced the chondrocyte response to Wnt 

signalling [51]. Hence, it is possible that CS might have improved neuronal differentiation via a 

similar biological mechanism. Furthermore, although CD44 is a common surface receptor for 

HA, it also readily binds to CS [52-54]. Thus, CS might enhance MAP2+ expression via a 

similar CD44-Wnt signalling pathway.  

The studies presented here were informative in determining how NSCs respond in vitro to 3D  

scaffolds with different compositions. Considering they induced GFAP less than Coll-CS, Coll-

HA and Coll-CS-HA seem to be the two optimal scaffolds for subsequent animal studies. 

Although all three IPNs had similar effects on neuronal differentiation, Coll-HA and Coll-CS-

HA did not induce higher GFAP+ differentiation. However, future studies of Coll-CS-HA might 

need to consider its compressive modulus, as the force it exerts onto the surrounding tissue after 

implantation may cause distortion of the injured tissue and worsen intracranial hypertension, a 

common side effect of TBI [55]. It is known that different parts of the brain have different 

stiffness. For example, white matter is thought to be stiffer than grey matter [56, 57]. 

Implantation into different regions, therefore, may require personalised scaffolds to match the 
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composition and mechanical properties of the implanted brain area. In the future, we also 

envision moulding scaffolds to match the size and shape of individual TBIs. 

Other groups have generated HA-containing IPNs and semi-interpenetrating networks which 

gave control over their mechanical properties and were compatible with peripheral nervous 

system (PNS) Schwann cells [58]. Additionally laminin and fibronectin have been incorporated 

into collagen 1 and HA IPN’s and controlled PNS neurite extension [59]. Collagen-HA IPNs 

reduce glioblastoma infiltration [60]. A mixed IPN of Coll-CS-HA had tuneable biophysical 

properties and was compatible with chondrocytes and regulated their secretion of GAGs and 

collagen II [61]. Thus an emerging literature suggests that a variety of IPN combinations can 

regulate multiple biological responses in different cells. 

 

4. Conclusions 

In this study, we fabricated three collagen-based IPN scaffolds: Coll-CS, Coll-HA and Coll-CS-

HA, and compared the physical and biological properties with Coll alone scaffolds. The 

synthesis was successful in incorporating the secondary networks of GAGs onto Coll. The IPNs 

were all capable of inducing high MAP2+ expression in both proliferation and differentiation 

media. However, Coll-CS alone led to higher GFAP+ expression, which may lead to detrimental 

effects such as glial scar formation. Nestin expression was higher on Coll alone than on scaffolds 

with IPNs, implying it maintained a stem cell phenotype. All IPNs induced a significant decline 

in nestin+ expression. In fact, no nestin+ cells were found on Coll-CS-HA after 4 days in 

proliferation media, which may be advantgeous as implanting stem cells could induce tumours or 

teratomas. Overall, we believe that Coll-HA and Coll-CS-HA may be the most suitable 

candidates for brain tissue engineering therapy.  
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Figure Legends 

 

Figure 1. SEM images and pore size analysis of scaffolds. A) SEM images of scaffold cross-sections and 

higher magnification images showing open pores and secondary pores structure (white arrowheads). B) 

Higher magnification SEM images of Coll-CS-HA showing an overall more distorted pore structure and a 

higher magnification image that reveals extensive struts in between pores and forming secondary pores, 

as indicated by white arrowheads. C) Average pore size of Coll and IPN scaffolds measured by ImageJ. 

Results are presented as mean ± standard deviation. Overlapping bar charts showing comparisons of 

pore size distributions between Coll and D) Coll-CS, E) Coll-HA, and F) Coll-CS-HA. (n=3) (**p<0.005, 

***p<0.0005). 

 

Figure 2.  A) FTIR spectra of IPNs and Coll superimposed from 1000 cm-1to 4000 cm-1. B) FTIR spectra of 

IPNs and Coll from 1000 cm-1 to 1100 cm-1. C) FTIR spectra from 1500 cm-1 to 1700 cm-1 showing amide I 

and amide II. D) FTIR spectra from 2750 cm-1 to 3050 cm-1 showing amide B. E) FTIR spectra of IPNs and 

Coll from 3200 cm-1to 3400 cm-1. F) Second derivatives of FTIR spectra. 

 

Figure 3. Compressive testing. Elastic moduli of the solid phases of scaffolds normalised to Coll, 

calculated by the Gibson-Ashby equation, where the exponent equals to A) 3/2, and B) 2 respectively. 

Error bars indicate ± standard deviation.  (n=3). (n.s. = non-significant). 

 

Figure 4. Histology studies using alcian blue for analysis of HA on Coll, 0.75%Coll-0.25%HA and 0.5%Coll-

0.5%HA. A) Slices of scaffolds under a light microscope at a lower magnification. B) Higher magnification 

images of A) showing more detailed microstructure. C) Higher magnification images of B) showing 

individual struts of scaffolds. Alcian blue stains HA in blue, and Coll in grey. Black arrowheads point to 

Coll and white arrowheads point to HA. 

 

Figure 5. A) Representative confocal images of immunocytochemistry showing nestin+ cells on Coll and 

IPNs at day 4, 7, 14 and 21 after seeding in proliferation media. Images were taken at 63x. Blue: DAPI 

and red: nestin. B) Quantification of nestin+ cells as a percentage of DAPI. Arrowheads pointing at non-

detectable nestin in the Coll-CS-HA networks at day 7-21. Error bars indicate ± standard deviation. (n=3) 

(*p<0.05). 
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Figure 6. Nestin and PHi3 co-labelling on Coll, Coll-CS and Coll-CS-HA scaffolds at day 14 and 21 after 

seeding in proliferation media. White: PHi3+ and red: nestin+. White arrowheads point to co-labelled 

cells. Quantification was not done as only one Phi3 staining was carried out.  

 

Figure 7. A) Representative confocal images of GFAP+ cells on Coll and IPNs at days 4, 7, 14 and 21 after 

seeding in proliferation media. Images were taken at 63x. Blue: DAPI and green: GFAP. B) Quantification 

of GFAP+ cells as a percentage of DAPI. Error bars indicate ± standard deviation. (n=3) (*p<0.05, 

**p<0.005, ***p<0.0005). 

 

Figure 8. A) Representative confocal images of Dcx+ cells on Coll and IPNs at days 4 and 7, and Dcx+ and 

MAP2+ cells at days 14 and 21 after seeding in proliferation media. Images were taken at 63x. Blue: DAPI, 

green: MAP2 and red: Dcx. B) Quantification of Dcx+ cells as a percentage of DAPI. C) Quantification of 

MAP2+ cells as a percentage of DAPI. Error bars indicate ± standard deviation. (n=3) (*p<0.05). 

 

Figure 9. A) Representative confocal images of MAP2+ cells at day 14 and 21 after seeding in 

differentiation media. Images were taken at 63x. Blue: DAPI and green: MAP2. B) Quantification of 

MAP2+ cells as a percentage of DAPI. Error bars indicate ± standard deviation. (n=3) (*p<0.05, 

**p<0.005) 

 

 

Graphical Abstract 

Engineered scaffolds can regulate neural stem cell proliferation and fate. To test this in 

subventricular zone stem cells, we made scaffolds of collagen alone (Coll), collagen-chondroitin 

sulfate (Coll-CS), collagen-hyaluronic acid (Coll-HA) and collagen-chondroitin sulfate-

hyaluronic acid (Col-CS-HA). Compared to Coll alone, the other scaffolds decreased the percent 

of Nestin+ stem cells and increased the percent of Map2+ neurons. Coll-CS also increased the 

percent of GFAP+ astrocytes.  (Note the scaffolds are rendered opaque and cell types 

pseudocolored for clarity.) 
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