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A b s t r a c t

The biomimetic, standardized conditions for in vitro cultures of human neural progenitors derived from induced plu-
ripotent stem cells (hiPSC-NPs) should meet the requirements to serve as the template and protective environment for 
therapeutically competent cell population. In this study, two different collagen scaffolds: bi-component consisting of 
collagen and chondroitin sulphate (Col-CS), and collagen modified by crosslinking agent 2,3-dialdehyde cellulose (Col-
DAC) have been used for the first time to encapsulate hiPSC-NPs and compared for the ability to create permissive 
microenvironment enabling cell survival, growth and differentiation. In our previous report, physicochemical compari-
son of the scaffolds revealed different elasticity, and diverse size and distribution of the pores within the 3D structure. 
Binary systems of Col-CS and Col-DAC tested in the current study have the correct balance of properties to serve as 
a biomimetic niche: they accommodate hiPSC-NPs sustaining their ability to proliferate and differentiate into neural 
lineages. However, a dense, network structure and rounded in shape pores of the Col-DAC microenvironment resulted 
in differential cell distributions within the scaffolds, with a tendency for augmented formation of highly proliferating 
cell aggregates as compared to Col-CS scaffolds. In contrast, Col-CS, which exhibited formation of the network of ellip-
soidal and inner interconnected parallel pore channels, promoted enhanced cell viability and neuronal differentiation.
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Introduction

Under certain pathological conditions, in which 
the central nervous system (CNS) microenvironment 
is altered due to disease-induced stress, infections 
or trauma, clinically effective therapies are current-
ly lacking [7]. Restoring the function of a damaged 
brain or spinal cord has always been a  challenge 
due to their limited capacity for regeneration. Stem  

cell-based therapy opens new opportunities and 
challenges but is still in its infancy [40], howev-
er, when combined with tissue engineering, may 
result in a spectacular outcome [38]. Numerous tis-
sue engineering strategies have been evaluated for 
their ability to support reconstruction and regener-
ation of the nervous system [10,15,21,23,39]. Cur-
rently, the important approach towards neural tissue 
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engineering involves the in vitro culturing of stem 
cells on a  biodegradable and bioactive scaffold to 
form hybrid tissue-like structures that are feasible 
for implantation into the injured site of the brain 
or spinal cord. Such scaffolds must have a  stable 
micro-architecture and suitable biophysical prop-
erties. The design criteria for scaffold biomaterial 
greatly depend on the tissue engineering applica-
tions. In neural tissue engineering, proteins, such as 
collagen (Col) and Col additions: laminin; fibronectin; 
peptides (e.g., RGD, IKVAV and YIGSR); and polysac-
charides, such as chitosan, alginate and hyaluronan 
are preferred for preparing these scaffolds [3,33,42]. 
These natural polymers contain attachment sites for 
cell membrane integrins and serve as scaffold recep-
tors, thereby constituting a major recognition system 
for cell adhesion [15]. Comprehensive data on polymer 
scaffolding in neural tissue engineering have been 
published in several excellent review articles [1,3,5,14] 
indicating that the scaffolds used in tissue engineer-
ing must be designed to meet a number of proper-
ties. They include hydrophilicity, cell-adhesion and 
growth, biocompatibility, degradability, adapted pore 
size and structure, specific surface area, mechanical 
strength and thermo-mechanical stability [1]. Even 
small changes in the elastic modulus of the scaffold 
can affect the differentiation of the neuron, astrocyte, 
and oligodendrocyte populations [17]. It has also been 
demonstrated that the scaffold mean pore size great-
ly affects cellular activity and that subtle changes in 
the pore size and pore distribution can have signifi-
cant effects on cell adhesion [20]. To date, creating an 
engineered construct that perfectly mimics all of the 
functions of the neuronal extracellular matrix (ECM) 
has not been successful.

Col, mostly type I, comprises a  large portion of 
the ECM for most tissue types and is widely used 
as a  cellular scaffold biomaterial for tissue engi-
neering. It was found that within biocompatible Col 
scaffolds, embryonic stem cells differentiate into 
cells of the neural lineage and express neuronal lin-
eage markers, such as NESTIN and β-TUBULIN III [19]. 
The microstructured collagen scaffold with seeded 
human neural progenitor cells can promote signifi-
cant neurite outgrowth from dorsal root glia in both 
2D and 3D cultures [8] and seems to be an import-
ant factor for future repair strategies for traumatical-
ly injured nervous tissues. Proteoglycans, including 
hyaluronic acid (HA) and chondroitin sulphate (CS), 
in CNS niches, are mainly responsible for providing 

structural and functional support to neural stem 
cells but exert different, sometimes contradictory, 
influence depending upon the niche’s physiological 
context [4,29]. In the light of this information, we have 
asked whether the specific 3D template based on  
Col functionalized with CS can meet in vitro require-
ments to sustain neural developmental capacity with-
in the population of neural progenitors derived from 
human induced pluripotent stem cells (hiPSC-NPs). 
The scaffold based on Col modified by crosslinking 
agent 2,3-dialdehyde cellulose (Col-DAC) was also 
investigated in this study. DAC was selected as the 
chemically crosslinking agent because it is biode-
gradable, biocompatible and toxicologically accept-
able [11]. Since the capability of the CNS to regener-
ate depends on the mutual interaction of cells with 
the in vivo microenvironment, in vitro evaluation of 
such interactions is required in biomimetic condi-
tions (scaffolds), which resemble a natural stem cell 
niche. The nature of this interaction is determined 
by the functional properties of the scaffold as well as 
the source and type of seeded cells. Human induced 
pluripotent stem cells (hiPSC) hold great promise 
for the future application in personalized medicine. 
Although many cell types have been transplanted 
into the injured spinal cord and brain tissue, including 
Schwann cells, olfactory ensheathing glia, activated 
macrophages, adult neural stem/progenitor cells and 
mesenchymal stem cells [19,22,41], induced pluripo-
tent stem cells remain incompletely understood and 
should be further explored.

Recently we have prepared a new three-dimen-
sional (3D) structure Col-based scaffolds, including 
composite system Col with immobilized chondroi-
tin sulphate (Col-CS) crosslinked by carbodiimide 
[28,30] and Col cross-linked by DAC [24-26], which 
could serve as carriers for neural cell cultures.  
The use of such scaffolds for the maintenance of 
neural stem cells (NSC) in vitro and in the regener-
ation of the nervous system has not yet been well 
studied. In this in vitro study, neurally committed 
hiPSC seeded within different types of biochemical 
highly standardized 3D porous Col-CS and Col-DAC 
scaffolds were examined, evaluated and discussed.

Material and methods

Preparation of collagen-based scaffolds

Col type I  was derived from porcine tendon by 
pepsin digestion and acetic acid dissolution to pre-
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pare a 0.5% w/v dispersion [27]. The characteristic 
parameters of Col dispersion are as follows: pH 3.2, 
molecular weight 380,000 and denaturation tem-
perature (Td) of 39ºC.

Bi-component 3D scaffolds consisting of Col and 
CS were synthesized using a  two-stage process: 
multiple freeze-drying steps followed by 1-ethyl-3- 
(3-dimethyl aminopropyl) carbodiimide hydrochlo-
ride (EDC) cross-linking according to the methods 
described by Pietrucha [28]. In brief, sponge-shape 
matrices were obtained by freezing the dispersion of 
Col with CS at –40°C. Next, the frozen dispersion was 
lyophilized at –55°C. The crosslinking reaction was 
carried out by immersing sponges in an ethanol solu-
tion containing a  mixture of EDC, (morpholino)eth-
anesulphonic acid (MES) and N-hydroxysuccinimide 
(NHS). After crosslinking, the sponges were refriger-
ated at –40°C and subsequently lyophilized at –55°C.  
The synthesis of the Col-DAC scaffold was performed 
in three steps: (i) preparation of 2,3 DAC by a selec-
tive oxidation of cellulose, (ii) construction of the 3D 
Col sponge-shapes and (iii) cross-linking of Col sam-
ples using DAC. A detailed description of the method 
has been provided previously [24]. 3D porous spong-
es were incubated in a  solution of DAC at 25°C for  
24 h, at pH 8.0. The cross-linked Col matrices were 
then thoroughly washed with deionised water. Final-
ly, the sponge was refrigerated at –40°C and subse-
quently lyophilized at –55°C. Recently, comprehensive 
biochemical, spectroscopic, morphological and struc-
tural properties of those modified Col scaffolds have 
also been presented [24,26,28].

Cell culture

Induced pluripotent stem cell culture,  
neural commitment and differentiation

The iPSC line derived by the episomal system 
from human CD34-positive fractions of cord blood 
cells was obtained from Life Technologies (Gibco® 
Human Episomal iPSC, Thermo Fisher Scientific).  
The cells were cultured on vitronectin (Thermo Fish-
er Scientific) and maintained in Essential 8 Medium 
(Thermo Fisher Scientific), according to the manufac-
turer’s protocol. The medium was replaced every day. 
As cells reached ~80% confluence, they were pas-
saged using DPBS without Ca2+ and Mg2+ for washing 
and 0.5 mM EDTA for detaching from culture vessels 
every 5 days at a ratio of 1 : 6. The neural commitment 
of induced pluripotent stem cells was performed 

according to Yan et al. [44]. Briefly, the iPS cells were 
seeded onto vitronectin in Neural Induction Medium 
(Gibco® PSC Neural Induction Medium, Thermo Fisher 
Scientific) for 7 days. After reaching confluency, cells 
were passaged on Matrigel (Corning, BD)-coated dish-
es and expanded as neural stem cells (NSC) in a neu-
ral expansion medium (Neural Induction Supplement 
1 : 50, Neurobasal and Advanced D-MEM [1 : 1], Ther-
mo Fisher Scientific). To obtain from hiPS-NSC neural 
progenitors (hiPSC- NPs) that were more advanced in 
differentiation, the hiPS-NSCs at passage 6 were used 
for neuronal and glial differentiation. The cells were 
seeded at 5 x 106 cells/cm2 on the Matrigel-covered 
6-well plates in a differentiating medium containing 
DMEM/F12/Neurobasal (1 : 1, Thermo Fisher Scientif-
ic), 1% FBS, 1% N2 (Thermo Fisher Scientific), 20 ng/
ml EGF (Sigma-Aldrich), 10 ng/ml bFGF (Thermo Fish-
er Scien tific). Cells were cultured in these conditions 
for at least 2 weeks, passaged using Accutase (BD) at 
a ratio of 1 : 6.

Preparation of scaffolds/hiPSC-NPs 
hybrids

Sterilization of scaffold samples

All of the constructed sponges’ samples were 
sterilized using an electron beam (accelerator ELU6- 
Linac) with dose of 18 kGy. Further handling of the 
scaffolds proceeded under the laminar flow in sterile 
conditions.

Cell harvesting and seeding on the scaffolds

Following the process of neural commitment 
and differentiation, hiPSC-NPs were harvested using 
Accutase (Corning, BD), centrifuged and seeded in the 
density of 2.5 × 106 cells/ml on the scaffolds placed in 
the Eppendorf tubes. After 24 hours in the incubator, 
samples were transferred into 24-well culture plates 
in fresh medium. Samples were fixed for immunocy-
tochemistry after 6 days of culture in standard culture 
conditions (5% CO2, 37oC, 90% humidity).

Viability assay

To determine the viability of cell culture on the 
investigated Col-based scaffolds, after 1, 3 and 6 days 
of culture Col-CS and Col-DAC scaffolds seeded 
with hiPSC-NPs were washed with warm PBS and 
placed in a 96-well plate in the Live/Dead® Viabili-
ty/Cytotoxicity Kit (Thermo Fisher Scientific), using 
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2 µM calcein and 4 µM EthD-1 solution, according 
to the manufacturer’s instructions. After 30 minutes 
of incubation, 6 scaffolds per group were measured 
using FLUOstar plate reader Omega (BMG, Labtech, 
Germany) at a wavelength Ex 494/Em517 for calcein 
and Ex528/Em617 for EthD-1. The units used to esti-
mate intensity for the fluorescence are shown as the 
Fluorescent intensity units (pixels). The conditions of 
the experiment for each time-point were optimized 
with the same number of scaffolds and the same 
number of seeded cells to be comparable between 
time-points and different scaffolds. 

At day 6, living and dead cell distributions in 
the scaffolds were visualised using Confocal Laser 
Microscope LSM 510 (Zeiss).

Immunocytochemistry and image 
acquisition

Conventional 2D culture and scaffolds with cells 
were washed with PBS, fixed with 4% of PFA (15 min), 
permeabilised with 0.1% Triton X-100 and blocked 
with 10% goat serum. The following primary anti-
bodies were applied overnight: O4 (1 : 100), GalC 
(mouse IgG3, 1 : 200, Millipore), PDGFRa (1 : 200), 
NESTIN (1 : 300), NF200 (mouse IgG1, 1 : 400, Sig-
ma Aldrich), GFAP (rabbit polyclonal, 1 : 500, Cappel), 
β-TUBULIN III (mouse IgG2a, 1 : 1000, Sigma Aldrich), 
DOUBLECORTIN (DCX 1 : 500), and MAP-2 (mouse 
IgG1, 1 : 500, Sigma Aldrich), OCT4 (mouse IgG2b,  
1 : 200, Santa Cruz), NANOG (rabbit polyclonal, 1 : 200,  
Abcam), Ki67 (mouse IgG1, 1 : 500, Leica/Novocastra). 
After washing with PBS, appropriate secondary anti-
bodies (Goat anti-mouse or Goat anti-rabbit Alexa-
Fluor 488 or AlexaFluor 546, 1 : 1000, Thermo Fisher 
Scientific) were applied for 1 hour, and cell nuclei were 
contra-stained with Hoechst 33258. Images were pre-
pared in Laboratory of Advanced Microscopy Tech-
niques, Mossakowski Medical Research Centre Polish 
Academy of Sciences using Confocal Laser Micro-
scope LSM 510 (Zeiss) with objective: Plan_Neofluar 
20×/0.5 (in Figs. 5-7 we used additional 1.5× zoom). 
Scale bars are added as an integral indicator of mag-
nification in Zen Black Edition Software (Zeiss). 3D 
reconstruction of Z-stack images was performed 
using the same software.

Statistical analysis

The results are expressed as mean ±SD. Statisti-
cal analysis was performed using One Way ANOVA, 

followed by Bonferroni Multiple Comparison Test.  
The statistical significance of the results was determin-
ed for p < 0.001 (**); p < 0.0001 (***); p < 0.00001 (****).

Results

Characterization of hiPS-NSCs and 
hiPSC-NPs at 2-dimensional culture

The hiPS cells were used to derive a  neurally 
committed cell population, because of well defined 
protocol and to avoid ethical concerns: primary 
human neural stem cell are available only from neu-
rogenic zones of adult brains or from human mis-
carried embryos. The process of neural stem cell 
commitment from iPSCs was rapid (7 days of neu-
ral induction) and effective (we were able to obtain 
approximately 20 million of hNSC from one million 
of hiPSCs). In contrast to hiPSC, the obtained human 
iPSC-derived neural stem cells (hiPSC-NSC) did not 
express pluripotency markers OCT4 or NANOG [2], 
while the multipotent neural differentiation was man-
ifested by expression of markers typical for a neural 
stem cell population (NESTIN), as well as markers 
for neuronal (β-TUBULIN III, DOUBLECORTIN, MAP-2) 
and glial differentiation (GFAP, GalC) (Fig. 1A). After 
further differentiation applied in vitro, neural progen-
itor population (hiPSC-NPs) was obtained (Fig. 1B).  
The expression profile of neural markers in hiPSC-NPs 
was similar to the hiPS-NSC, but the morphology had 
changed to more typical for neuronal cells, i.e., with 
long protrusions and small cell body (Fig. 1B). Further, 
the number of cells expressing MAP-2, β-TUBULIN III 
and GalC was significantly higher (Fig. 1B). However, 
some cells expressing NESTIN in the population of 
hiPSC-NPs could still be detected.

Three dimensional culture of hiPSC-NPs 
on modified scaffolds

Viability, adhesion and distribution of hiPSC-NPs

In our study, the population of hiPSC-NPs reveals 
an ability to adhere to and colonize bi-component 
Col-CS or modified Col-DAC scaffold. Viability of the 
hiPSC-NPs seeded on Col-CS and Col-DAC scaffolds 
was evaluated after 1, 3 and 6 days of culture. Living 
cells were distributed all over both kinds of tested 
scaffolds (Fig. 2C). The signal coming from living, 
calcein AM stained hiPSC-NPs was increasing during 
the culture time in all tested experimental condi-
tions, but a significant rise in viability at 6 DIV (days 



114 Folia Neuropathologica 2017; 55/2

Krystyna Pietrucha, Marzena Zychowicz, Martyna Podobinska, Leonora Buzanska

in vivo) was revealed only for the cells seeded on Col-
CS (Fig. 2A). In contrast, the intensity of fluorescence 
of ethidium homodimer-1 (EthD-1), which labels cells 
with damaged membranes, was the same for both 
types of scaffolds. The highest intensity of fluores-
cence from dead cells was recorded at the first day 
of the experiment (DIV1) and significantly dropped 
after DIV1. From day 3 (DIV3) of the experiment,  
the constant and stable level of cell viability was 
observed (Fig. 2B). Moreover, at the 6th day of culture 
we observed only a  few dead cells when Z-stacks 
were measured and visualised (Fig. 2C). 

In both types of investigated scaffolds, the cells 
have been found across the sample, effectively 
adhering to the inner and outer surface of the scaf-
folds (Figs. 3 and 4). Seeded cells, depending upon 
the surface available, were forming: 1) aggregates 
within smaller pores with proliferating, Ki67 positive 
cells and at the edges differentiating β-TUBULIN III 
positive cells (Figs. 3A and C) or 2) were spreading out 
to cover the collagen surface of greater pore walls, 
thus forming a monolayer of cells with flattened and 
branched morphology (as shown for NESTIN positive 
cells on Figs. 3B and D). In any case, the population of 
seeded, hiPSC-NPs was able to penetrate inside the 
spongy structure of both types of the scaffold (Col-CS 

or Col-DAC) and populate across the accessible sur-
face. This is illustrated by the confocal Z-stack series 
of images of Col-DAC (Fig. 4A) and Col-CS (Fig. 4B) 
samples as well as on their 200 µm depth 3D recon-
struction (Fig. 4C), where cells are found at different 
arrangements (aggregates or spread sheets of differ-
entiated cells). While neuronal marker β-TUBULIN III 
is widely present throughout the Z-stack in cells 
populating both types of scaffolds, astrocytic marker 
GFAP appears sporadically on Col-CS, compared to 
a more evident expression on Col-DAC scaffold.

Proliferation of hiPSC-NPs cultured  
on Col scaffolds

To estimate the proliferation rate of hiPSC-NPs, 
the proliferation marker binding to the nucle-
ar proteins of dividing cells – Ki67 was used. The 
Ki67-positive cells were found predominantly within 
the cell aggregates/clumps that were placed inside 
the pores, while the proliferating cells outside the 
aggregates were only sporadically observed (Figs. 5A 
and D). Morphologically mature, β-TUBULIN III pos-
itive neuronal cells, with long protrusions aliening 
longitudinal pockets (pore edges), are in majority 
post-mitotic (arrows in Figs. 5B, C and F), however 
few of them were still mitotically active (Ki67 posi-

Fig. 1. Human neural stem cell population derived from iPSC (hiPS-NSC) cultured as a monolayer expressed 
both neuronal and glial markers (A). After prolonged differentiation (2 weeks), the expression of neuronal 
and glial markers in the population of neural progenitors (hiPSC-NPs) was more abundant, however a num-
ber of progenitor cells expressing NESTIN were also detected (B). Scale bar is 50 µm.

A

B
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tive cells, arrowheads on Figs. 5C, E and F). The exact 
number of proliferating cells was difficult to deter-
mine due to the relatively high autofluorescence of 
Col-DAC samples in the blue channel (total cell num-
ber), but our rough estimation of the percentage of 
Ki67+ cells resulted in about 38% for Col-DAC and 
33% for Col-CS, indicating not significant difference 
between samples.

Differentiation of hiPSC-NPs seeded  
on the modified Col scaffolds

The input population of cells used for 3D culture 
was already pre-differentiated, as described above. 
It is demonstrated that the seeding process and bio-
compatible properties of both types of investigated 

Col scaffolds enabled hiPSC-NPs to sustain their 
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morphology and expression of typical markers for 
neuronal and glial differentiation. The cells within 
the cell-laden constructs were found mostly as the 
cell aggregates of different size, as well as mono-
layers from the cell aggregates, to cover the walls 
of bigger pores or connecting lamellas (Figs. 4, 5, 
6 and 7). Randomly single cells, lacking markers of 
differentiation were also visible. The po rous struc-
ture of Col-based scaffolds allows for neurite out-
growth from the cell clumps. We have observed the  
β-TUBULIN III positive hiPSC-NPs with neurites that 
aligned edges of the walls in the pore structure  
(Figs. 5 and 6B). Within the aggregates or clusters, 
the neuronal cells expressing β-TUBULIN III, MAP-2 
and DCX were detected as mostly abundant. Neuro-
nal morphology characterized by protrusions extend-
ed from the cell bodies was observed on both Col-CS 
and Col-DAC scaffolds (Figs. 5 and 7). While the dif-
ferentiated cells appeared predominantly on the edg-
es of the clusters (DCX presented in Fig. 7 and GalC 
in Fig. 8), cells found in the core of the aggregates 
were less differentiated (Figs. 7 and 8). In addition, 
the astrocytic marker (GFAP) was detected among 
differentiated cells growing in the clusters on both 
types of scaffolds (Figs. 4 and 7), however to a less-
er extent than the neuronal markers. The early glial 
markers, such as PDGFRα or oligodendrocyte marker 
Galactocerebroside (GalC) (Figs. 6A, 7 and 8), have 
also been observed within the cell clusters in both 
types of scaffolds. The intense scaffold autofluores-
cence can be detected (blue tissue-like background 
in the Hoechst channel) after DAC crosslinking of the 
collagen (Figs. 4A, 5A and 8), while the functionaliza-
tion of Col with CS gives almost no visible structure 
of the scaffolds in the fluorescence channels.

Discussion

In the present study, two types of Col scaffolds 
have been evaluated: bi-component Col-CS matrices 
crosslinked by EDC and collagen sponges modified 
using DAC. DAC was selected as a chemically cross-
linking agent because it is biodegradable, biocom-
patible, and toxicologically acceptable [24]. None of 
the considered materials, Col, CS or DAC, are ideal for 
tissue engineering when used alone [18,28]. However, 
a binary system of Col-CS and Col-DAC may provide 
the correct balance of properties as a  biomimetic 
niche for neural cell culture. In this study we have 
shown that both types of scaffold can serve as biomi-
metic niche to accommodate hiPSC-NPs and sustain 
their ability to proliferate and differentiate into neu-
ronal, astrocytic and oligodendroglial lineages. Col-CS 
composite scaffolding has been prepared for regener-
ating in vivo the skin, bone, cartilage and peripheral 
nerves, yet has rarely been utilized in the restoration 
of the CNS [19,20]. To our knowledge, Col-DAC matrix 
has never been used to create a biomimetic environ-
ment for human neural cell cultures and Col-CS for 
neural stem/progenitor cells derived from hiPSC.

The hiPSC were applied in this study due to their 
exceptional features: they can be derived from the 
adult tissues of the human body and have the abil-
ity to differentiate into almost all types of cells [35]. 
Since they possess great potential for personalized 
regenerative medicine, they are investigated as 
a possible therapeutically competent cell population 
by our [37] and other groups [reviewed in 43]. Neu-
ral progenitors (hiPS-NSC) used in this study were 
derived from human iPSC and seeded on Col-CS and 
Col-DAC scaffolds for further investigation. The scaf-

Fig. 3. Cells distribution on the Col scaffolds (DIV6). Cells seeded on Col scaffolds modified by crosslinking 
with DAC: (A, B) and bi-component Col-CS scaffold: (C, D) stained for neuronal marker β-TUBULIN III (green), 
proliferation marker Ki67 (A, C) and for NESTIN (B, D) (red). Cell nuclei are contra-stained with Hoechst 
(blue). Scale bar is 50 µm.

A B C D
COLLAGEN DAC COLLAGEN CS
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Fig. 4. Cells distribution through the scaffold sample (200 µm Z-stack). Each panel presents 8 subsequent 
optical sections. Each slice was of about 2.5 µm depth, space between slices 25 µm. Panel A shows distri-
bution of cells seeded on Col-DAC scaffold. Intensive autofluorescence of Col-DAC scaffold was observed. 
Panel B shows cells seeded on Col-CS scaffold. Panel C shows 3D reconstruction of optical sections presented 
in A and B. Cells were stained for neuronal marker β-TUBULIN III (green) and astrocytic marker – GFAP (red). 
Cell nuclei were contra-stained with Hoechst (blue). Scale bar is 50 µm.
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folds Col-CS and Col-DAC, crosslinked by EDC and 
DAC, respectively, were shown to immobilize hiP-
SC-NPs to the active biofunctional surface and allow 
for their further commitment into three neural lin-
eages: neuronal, astrocytic and oligodendroglial. This 
is consistent with the study of Drobnik et al. [6] that 

collagen-based scaffolds using different cross-linking 
methods were shown to be suitable in elaborateing 
environments for primary nerve cells isolated from 
murine embryonic brains.

Both EDC and DAC were selected as chemical 
crosslinking agents due to their unique properties. 

Fig. 5. Proliferation of neural progenitors (hiPSC-NPs) cultured on the Col scaffolds (DIV6): Col-DAC (A, B, C), 
and Col-CS (D, E, F). The proliferation marker Ki67 (red) is found predominantly within the cell clusters and 
nearly absent in the cells growing in the monolayer. Morphologically differentiated β-TUBULIN III (green) 
positive cells were mainly postmitotic (arrows), however some of the neuron-like cells were still dividing 
(arrowheads). Scale bar is 50 µm.

Fig. 6. Alignment of the neural cells protrusions on the porous structure of the Col-DAC scaffold (DIV6). Note 
the cell clustering in the ‘corners’ of the scaffold pores (cells stained with PDGFRα) (A) as well as long pro-
trusions extended from the cell aggregates (B). Arrows indicate the rows/longitudinal pockets (pores) in the 
scaffold structure and protrusions of neuron-like cells aligning the edges of these pores. Scale bar is 50 µm.
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When a Col-CS sponge reacts with EDC, two essen-
tial processes occur, resulting in the formation of 
Col-Col cross-link and covalent graft CS to the Col 
backbone without the addition of any toxic catalysts 
(zero-length EDC) [28]. Finally, 3D semi- and inter-
penetrating networks are created. The Col-DAC scaf-
fold is formed by a  crosslinking reaction between 
the aldehyde groups (-CHO) of DAC with the free 
amine (–NH2) groups of Col, resulting in a product 
that is biodegradable, biocompatible and toxicologi-
cally acceptable [24].

The viability of human neural progenitors seeded 
on the scaffolds was measured with the life/dead 
fluorescent assay and quantitatively evaluated.  
The significantly increased level of fluorescence indi-
cating living cells show that the cells survive and 
proliferate (Fig. 2). Interestingly, at day 1 we have 
observed a  significantly higher level of the signal 
from dead cells as compared to day 3 and day 6. 
However it is likely that this difference is artificially 
elevated by the presence of the cells dying from the 
seeding and harvesting procedure, not related to the 
biocompatibility of the scaffolds.

To trace the cellular processes (attachment, pro-
liferation and differentiation – axonal outgrowth) 
of the hiPSC derived neural progenitors cultured on 
the scaffolds, immunocytochemical/immunofluo-
rescent marker proteins identification and confocal 
microscopy analysis were applied. The proliferation 
rate of the hiPS-NSC cultured on the scaffolds was 
investigated by immunostaining with Ki67 antibody  
(Figs. 3 and 5), which binds to the nuclear protein 
MKI67, present during all active phases of the cell 
cycle (G1, S, G2, and mitosis), but is absent in rest-
ing cells (G0) [34]. Markers applied to detect neural 
stem/progenitor cells (NESTIN) and their commit-
ment into neuronal (β-TUBULIN III, NF200, DOUBLE-
CORTIN, MAP-2), astrocytic (GFAP) and oligodendrog-
lial (PDGFRα, GalC) lineages have been used before 
in the study of our group [2,36,46] and are typical 
for characterization of neural lineages in vitro and in 
vivo [31]. It is important to note that the results of 
this study based on immunofluorescent images are 
only qualitative due to the high autofluorescence of 
the Col-DAC scaffolds (Figs. 3A, B, 4A, 5 and 8), which 
was not the case of Col-CS matrix (Figs. 3B and 4B). 
The autofluorescence of Col-DAC samples may be 
assigned to the formation of stable covalent imine 
bonding between the amino groups of lysine, hydrox-
ylysine and arginine from Col and aldehyde group of 

DAC through the Schiff base reaction. As reported in 
the literature [9], Schiff base compounds containing 
an imine group (–RC=N–) are usually formed by the 
condensation of a primary amine with an active car-
bonyl responsible for the fluorescence.

However, the detailed analysis of the confocal 
microscope Z-stack panels allowed the qualitative 
assessment for not only the presence of the cells, but 
also their stage of differentiation, detailed distribu-
tion through the scaffold and alignment within the 
scaffold architecture (Fig. 4). The alignment of the 
cells in the scaffolds is in accordance with the pore 
distribution within biomaterial architecture. Cells 
cover the walls of bigger pores creating a monolayer 
(Figs. 4, 5 and 6), allowing space for cell protrusions 
and promote differentiation of hiPSC-NPs, while in 
the smaller pores and in the edges of the bigger 
pores cell aggregates are formed. According to our 
previous results [24,28], the distribution of the pore 
sizes depends on the type of components and the 
method of modifying the scaffold. For Col-CS spong-
es, the largest fraction, at least 55% of the total pore 
volume that comprises the sponge is occupied by 
pores ranging from 20 to 100 µm in size, only 25% of 
the total pore volume is larger than 100 µm. Where-
as, the sponge-like scaffold Col-DAC had 70% pores 
ranging from 20 to 100 µm. These results agree with 
those presented by Yannas [45], showing that regen-
erative scaffolds based on collagen have a narrowly 
specified pore structure with a pore diameter of 20 
to 125 µm. Such pores are ideal for cell aggregates 
to adhere and develop a micro-niche. The pore size 
between 80-100 µm of dextran or gelatin cryogels 
was previously shown to be optimal for stem cells 
derived from human cord blood adhesion and neu-
ral differentiation [12]. Subsequently it was shown 
that gelatin-based cryogels scaffolds with the pore 
size ranging from 20 to 120 allow encapsulation of 
bigger in size mesenchymal stem cells (hUCMSCs) 
and when supplemented with neuromorphogenes 
promote their neural differentiation in vitro [32]. 

In our study, pore size-dependent encapsulation 
and differentiation of stem cells within spongy col-
lagen scaffolds was confirmed. The hiPSC-NSC are 
smaller than MSC discussed above, thus the pores 
about 100 µm are suitable for the formation of cell 
aggregates. The larger amount and specific align-
ment of pores smaller than 100 µm in Col-DAC as 
compared to Col-CS might promote formation of cell 
aggregates with proliferative centres (Fig. 3A). 
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Fig. 8. Oligodendroglial differentiation of hiPSC-NPs cultured on the Col-DAC and Col-CS scaffolds (DIV6). 
Some of the cells exhibit oligodendroglial marker GalC. Intense scaffold autofluorescence may be observed 
(blue tissue-like background in the Hoechst channel), after DAC crosslinking of the collagen, while the func-
tionalization of collagen with CS gives almost no visible structure of samples in the fluorescence channels. 
Scale bar is 50 µm.

Fig. 7. Neuronal and glial differentiation of hiPSC-NPs cultured on Col-DAC and Col CS scaffolds (DIV6). 
Some of the cells express markers typical for a neural stem cell population (NESTIN) as well as markers 
for neuronal (NF200, DOUBLECORTIN, MAP-2) and glial differentiation (GFAP, PDGFRα). Cell nuclei are con-
tra-stained with Hoechst (blue). Scale bar is 50 µm.
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The dual composition of both investigated scaf-
folds, having smaller and bigger pores, provides an 
ability to preserve both the proliferative, Ki67-pos-

itive, NESTIN-positive population of neural progen-
itors and the cells committed into different neural 
lineages. The proliferation marker Ki67 is found 
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predominantly within the cell clusters and nearly 
absent in the cells growing in the monolayer (Fig. 5). 
The hiPSC-NPs proliferate in the centre of the aggre-
gates, while at the peripheral part they migrate out 
of the cluster and differentiate predominantly into 
neurons. As shown in this study, the cells express-
ing neuronal markers expand protrusions along the 
pore edges and their interconnecting lamellas. It was 
earlier noted [31,32] that the pores in Col-CS sponges 
are ellipsoidal in shape and are oriented parallel to 
the surface within the sponge, what may influence 
cell distribution with a tendency to form cell mono-
layers as compared to aggregates found on Col-DAC. 
This may explain the preferential appearance of the 
differentiated cells forming the monolayers on the 
Col-CS as compared to cell aggregates with defined 
centres of proliferation on Col-DAC, as revealed by 
immunofluorescence in Fig. 4. Both types of tested 
scaffolds allow for the proliferation and further dif-
ferentiation of neurally pre-differentiated hiPS-NSCs. 
The seeding population of hiPSC-NPs in 2D condi-
tions revealed markers typical for all three neural 
lineages, however the porous structure of collagen 
scaffolds promote/allow neurite outgrowth from the 
cell clumps supporting further neuronal differentia-
tion, as shown by the expression of DOUBLECORTIN 
and MAP-2 markers in Col-DAC and Col-CS scaffolds.  
The astrocytic marker (GFAP), while to a  lesser 
extent than the neuronal markers, was also detect-
ed among differentiated cells growing in clusters on 
both types of scaffolds. The glial markers such as 
PDGFRα (typical for early glial differentiation) or oli-
godendrocyte marker GalC, have also been observed 
at the edges of the cell clusters in both types of scaf-
fold, confirming multilineage potential of differenti-
ation of the encapsulated hiPSC-NPs.

Recently, binary systems more complicated than 
used in this study, the hybrid scaffolds comprised of 
collagen, hyaluronic acid, and alginate and addition-
ally functionalized with GRGDSP and Ln5-P4 were 
shown to support efficient differentiation of hiPSC 
into neuronal cells [16]. The Col scaffolds tested in 
this study were stable during the culture time and did 
not produce any toxic forms of degradation. The sur-
face of tested biomaterial provided proper adhesion 
and different pore sizes, which immobilised cells in 
the smaller or bigger aggregates or allowed for cell 
spreading on the lamella of the Col structures. The 
encapsulating of living cells inside the scaffold can 
help to prevent apoptosis caused by induced active 

inflammation after transplantation of such hybrids 
into the host nerve tissue [13]. The sustained pro-
liferation and neuronal differentiation capacity of 
hiPSC-NPs on these modified biomaterials enables 
further migration from the scaffold or extending 
protrusions outside the biomaterial into host tissue.  
The important difference between tested scaffolds 
was that Col-CS maintain in vitro viable cells sig-
nificantly longer than Col-DAC. However, we did not 
observe any significant differences of proliferation 
and cell differentiation between the two Col scaffolds 
investigated, therefore this supports the conclusion 
that using both types of Col-CS and Col-DAC biomate-
rials in tissue engineering and regenerative medicine 
is justified, when different physicochemical features 
are required.

Conclusions 

The Col-based (Col-CS, Col-DAC) binary scaffold 
systems presented in this study possess appropriate 
physicochemical properties and are biocompatible, 
easy to handle and non-toxic. They allow for good 
cell attachment as well as sustain the proliferation 
and differentiation capacity of seeded human neu-
ral progenitors derived from iPSC. The current study 
demonstrated that the binary system of Col-CS and 
Col-DAC scaffolds can be considered as the poten-
tial tool for delivery of neural progenitor cells to the 
injured brain or spinal cord.
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