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INTRODUCTION

Neural stem cells persist in the mammalian brain in 
the specific regions: the subventricular zone (SVZ) of 
the lateral ventricles and the subgranular zone (SGZ) 
of the hippocampus. Their developmental decisions in 
vivo were shown to be dependent on reciprocal inter-
actions with the components of neural stem cell niche, 
consisting of the lineage related cells (radial cells type 
B, transit-amplifying progenitors, type C cells), soluble 
factors and the extracellular matrix components 
arranged in 3D matrix structure as well as blood ves-
sels and nerve terminals (Kazanis et al. 2010). The 

mode of interaction between the cells (e.g. the presence 
of the gap junctions) and the cell/matrix interface rela-
tionship (e.g., nanosensing of the ECM by the cell 
membrane integrin receptors) were shown to be impor-
tant for the in vivo cellular fate decisions (Pompe et al. 
2007, Trosko et al. 2010). Biophysical cues of the niche 
are converted into biochemical signals that either 
allow self renewal and undifferentiated stage or com-
mit the cell to a specific lineage. However, in vitro 
conditions for the maintenance of neural stem cells in 
different developmental stages and controlling their 
fate decisions are still to be determined. 

Since the dynamic stem cell niche is difficult to 
mimic in its entirety, we have investigated in this study 
the influence of the several individual cues such as 
different adhesive molecules in biofunctional domains, 
but also various plating densities of cells and serum 
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content on the proliferation of the human umbilical 
cord blood-neural stem cells (HUCB-NSC). HUCB-
NSC is non-transformed cell line, obtained in our labo-
ratory (Buzanska et al. 2006), with a stable growth 
rate, the ability to self renew and to differentiate into 
neuronal, astrocytic and oligodendroglial lineages. 
Depending on the culture conditions, the cells can be 
harvested at different stages of neural commitment 
and differentiation. Thus HUCB-NSC represents a 
promising model for studying the interactions between 
the microenvironment (e.g., matrix adhesive biomole-
cules, the culture soluble factors and possible toxic 
compounds) with the neural stem cells in order to 
investigate cellular responses to the varying niche 
composition (Buzanska et al. 2009b). 

For that purpose, we decided to test in vitro HUCB-
NSC proliferation capacity in varying microenviron-
ment by creating cell growth platforms with bioactive 
domains of defined micro-scale area, containing 
biomolecules similar to those found in natural stem 
cell niche. We have used microcontact printing tech-
nique which ensures simple, low cost and reproducible 
way of preparing such biofunctionalized surface arrays. 
Platforms with components of ECM/polycationic sur-
rogates designed in spatial patterns allow a better 
control of cell behavior by physical and molecular 
interactions and enable investigating stem cell devel-
opmental processes (Ruiz et al. 2008, Guilak et al. 
2010). 

In this study, bioactive domains were designed to 
present insoluble factors mimicking different type of 
cell/extracellular matrix interactions. For that purpose, 
we have used synthetic polymeric poly-L-lysine (PLL) 
and extracellular matrix protein fibronectin (FN). 
Polycationic poly-L-lysine is known to bind cells by 
non-specific, electrostatic mechanism: positively 
charged PLL binds to negatively charged cell mem-
brane (Rao et al. 2009); in contrast, ECM protein 
fibronectin (FN) which is affecting cell migration dur-
ing gastrulation (Darribere and Shwarzbauer 2000), 
and is present when the stem cell fate is established, 
induces specific integrin-mediated cell adhesion mech-
anisms (Reilly and Engler 2010).

Different adhesive domains (PLL and FN) used for 
cell culturing in various densities in serum and serum-
free conditions were applied in this study to HUCB-NSC 
to examine HUCB-NSC proliferation. Concomitantly, 
scanning and transmission electron microscopy allowed 
studying the difference in the physical interaction of the 

cells with the surface of adhesive domains and its impor-
tant impact on cell morphology. 

In this report we present microenvironmental condi-
tions allowing for in vitro maintenance of highly pro-
liferative, non-differentiated population of neural stem 
cells as immobilized to the surface.

METHODS

Cell culture 

Human umbilical cord blood-neural stem cell 
(HUCB-NSC) line, obtained from non-hematopoietic 
fraction of cord blood (Buzanska et al. 2006), was cul-
tured in DMEM/F12, 2% fetal bovine serum (FBS, 
Gibco), supplemented with insulin-transferrin-seleni-
um (ITS 1:100, Gibco), antibiotic-antimycotic solution 
(AAS, 1:100, Gibco), at 37°C, 5% CO2 and 95% humid-
ity. Under these conditions HUCB-NSC grow as mixed 
population composed of the adherent neural progeni-
tors and loosely attached or free-floating non-differen-
tiated. When cells reached 80–90% confluency, cul-
tures were harvested with trypsin-EDTA solution 
(Trypsin/EDTA 0.025%, Gibco) and propagated in 1:4 
ratio. The cell medium was changed in growing cul-
tures twice a week. 

Preparation of microcontact printed patterns

Stamps made of polydimethylsiloxane (PDMS) 
silicone elastomer casted on silicon master were used 
for the direct printing of fibronectin and poly-L-
lysine on anti-fouling surface of Petri dishes. The 
anti-fouling/anti-adhesive surface was obtained by 
vapor deposition of plasma polymerized polyethylene 
oxide-like (PEO) using plasma-enhanced chemical 
vapor. Complete description of the method can be 
found in Bretagnol and coauthors (2006) and Ruiz 
and colleagues (2008). Poly-L-lysine FITC-labeled 
diluted at 25 µg/ml in carbonate buffer (100 mM 
NaHCO3, pH 8.5), and fibronectin (Sigma Aldrich) 
diluted at 42 µg/ml in printing buffer (100 mM ace-
tate at pH 5.5 mM EDTA, 0.01% Triton-X 100, and 
0.1% glycerol), were used as inking solution. The 
PDMS stamps were ultrasonicated in ethanol for 5 
minutes and cleaned with mild O2 plasma (200W, 1.2 
torr, 30 seconds) before inking. PLL or FN was inked 
at room temperature on PDMS for 15 min and 45 min, 
respectively, then the excess solution was removed 
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and the stamps were dried in a N2 stream. The inked 
stamps were put in contact with the Petri dish covered 
with PEO-layer for 10 minutes. Before seeding cells, 
the patterned surfaces were UV treated/sterilized for 
15 min.

HUCB-NSC proliferation assay

In order to examine cell proliferation HUCB-NSC 
cells were seeded on the patterns with poly-L-lysine or 
fibronectin printed on Petri dishes (3 cm diameter). 
The cells were plated at three different densities: low 
(L) (1x104 cells/cm2), intermediate (M) (2,5x104 cells/
cm2) and high (H) (5x104 cells/cm2 ) in serum (DMEM/
F12, 2% FBS, ITS, AAS) or serum free condition 
(DMEM/F12, B27 1:50, EGF 20 ng/ml, AAS). After 
overnight incubation, the non-adherent cells were 
removed and adherent cells were cultured for 2, 4 or 7 
days. At these time points of culture the immunocy-
tochemical analysis of cells was performed in terms of 
Ki-67 and β-tubulin III expression.

The proliferation rate was calculated as the percent-
age of cells expressing Ki-67 per total cell number 
present on the square. 

Immunocytochemistry

For immunocytochemistry, HUCB-NSC grown on 
fibronectin or poly-L-lysine patterns were washed 
with PBS and fixed for 15 minutes with 4% PFA after 
2, 4 and 7 days of culture. After 15 min of permeabili-
zation with 0,1% Triton X-100 cells were blocked for 
one hour with 10% NGS. Primary monoclonal anti-
bodies: anti-human Ki-67 IgG1 (1:500, NovoCastra) or 
neuronal class III β-tubulin IgG2b (1:1000, Sigma) 
were applied overnight. After washing with PBS the 
following secondary antibodies AlexaFluo 546 goat 
anti mouse IgG1 (Invitrogen) or AlexaFluo 488 goat 
anti mouse IgG2b (Invitrogen) were applied for 60 
minutes at room temperature. Cell nuclei were con-
trastained with Hoechst 33342 (1:1000, Molecular 
Probes) for 15 min and samples were closed in mount-
ing solution (FluoroMount, Invitrogen). As a control 
for specific immunostaining the primary antibodies 
were omitted from the procedure. To obtain detailed 
images of the cells an Axiovert 25 fluorescence micro-
scope (Carl Zeiss GmBH, Jena, Germany, http://zeiss) 
was used. Images were captured by AxioCamMRC5 
camera.

Electron microscopy analysis

Electron microscopy analysis was performed on 
HUCB-NSC seeded on glass slides covered with either 
poly-L-lysine (25 µg/ml) or fibronectin (42 µg/ml) and 
cultured for 48 hours in 2% serum or serum free 
medium. 

Scanning electron microscopy studies

For scanning electron microscopy studies, HUCB-
NSC were fixed in 1% paraformaldehyde and 1,25% 
glutaraldehyde in cacodylate buffer for 2 h. Then the 
cells were postfixed in 1% OsO4, and dehydrated with 
grades series of ethyl alcohol followed by acetone. 
After dehydration procedure cells were dried in a 
critical-point dryer and coated with gold before obser-
vation by scanning electron microscopy (JEOL JSM-
6390LV). 

Transmission electron microscopy studies

For transmission electron microscopy studies 
HUCB-NSC were fixed in 1% paraformaldehyde and 
1.25% glutaraldehyde in cacodylate buffer pH 7.4 for 
20 h followed by postfixing in a mixture of 1% osmi-
um tetroxide (OsO4) and 0.8% potassium ferricyanide 
K4[Fe(CN)6]. Then, the cells were processed for trans-
mission electron microscopy and analyzed in a JEOL 
1011.

Statistical analysis

For statistical analysis the data were collected from 
three independent experiments. Each variant of exper-
imental condition: poly-L-lysine and fibronectin sub-
strates, three different time points of cell culture, vari-
ous plating densities and two different medium condi-
tions (serum-free and 2% serum) were considered as 
the independent probes. The mean number of cells per 
square and standard deviation (SD) were calculated in 
30 squares per each experimental variant. The prolif-
eration rate was defined as the percentage of Ki-67 
positive cells per square (100 µm side) in relation to the 
total number of the cells/square. The statistical analy-
sis was performed using Anova one-way analysis of 
variance, Bonferroni’s multiple comparison test 
(GraphPad Prism 3.0). Significance of difference 
(p-value, for p<0.01) was established for comparison 
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of the proliferation rate between serum and serum free 
and between poly-L-lysine and fibronectin groups.

RESULTS

Proliferation test of HUCB-NSC

To examine the effect of diffrent biomolecules on pro-
liferation of HUCB-NSC, we cultured these cells on the 
surface patterned with either extracellular matrix pro-
tein: fibronectin (FN) or polyaminoacid poly-L-lysine 
(PLL) printed as separate domains on cell repelent, non 
adhesive surface of PEO-like film (Fig. 1). Such pattern 
enables to capture cells on the defined squares of 100 µm 
side with a 120 µm distance between the squares. 

HUCB-NSC cultured on poly-L-lysine domains

The total number of cells per square on PLL 
domains was dependent on the starting plating density 
of cells and rised gradually with time of cell culture 
from the level 28 ± 8.7 and 42 ± 8.3 at day 2nd reaching 
the level of 69 ± 9.7 and 70 ± 9.7 cells/domain on day 
7th at intermediate (M) and high (H) plating density of 
cells respectively. The significant difference in the 
number of cells per square in different culture medium 
conditions were visible at day 7th in the intermediate 
(M) and high (H) plating density of cells, (69 ± 9.7 
cells per square in serum-free conditions as compared 
to 44.3 ± 10 cells per square in 2% serum, Fig. 2A). 

In contrast to the gradual changes of the total num-
ber of cells, there was no significant diffrence in pro-
liferation rate of cells growing on PLL in serum-free 
conditions, when different experimental time points 
were compared. However, in the presence of serum, 
the rate of proliferation for intermediate (M) and high 
(H) densities was significantly higher at the day 7th of 
culture as compared to day 2nd and 4th (Fig. 2A, C).

On PLL domains, the proliferation rate of HUCB-
NSC was usually higher in the absence of serum than 
in medium containing 2% serum. However the signifi-
cant difference between the serum and serum-free 
medium (p<0.01) at various time of observation 
depended upon plating densities of cells: in intermedi-
ate (M) plating density of cells at day 2nd, in low (L) and 
high (H) plating density of cells at day 4th and in low (L) 
plating density of cells at day 7th (Fig. 2C). Increasing 
proliferation rate associated with higher plating densi-
ties of cells was observed on PLL at day 2nd, both for 
serum (L: 36.7 ± 5.3%, M: 42.6 ± 7%, H: 45.9 ± 6%) 
and serum-free medium (L: 23.6 ± 13.1%, M: 56.2 ± 
5.6%, H: 58.6 ± 12%) (Fig. 2C). Such correlation was 
not observed at day 4th and 7th of cell culture, with the 
exeption for low density at day 7th, where generally 
lower proliferation rate was observed as compared to 
intermediate and high plating densities of cells.

HUCB-NSC cultured on fibronectin domains

The total number of cells per square on FN domains 
does not change significantly during 7 days of culture 
starting from 24.1 ± 6.3 and 30.6 ± 7.4 up to 41.4 ± 7.4 
and 55 ± 5.2 cells/domain for intermediate and high 
plating density of cells, respectively. Different content 
of serum in the medium (serum-free or 2% serum) did 
not significantly changed the total number of cells on 
fibronectin domains during 7 days of culture (Fig. 2B). 

There was no significant difference in proliferation 
rate of HUCB-NSC cultured on fibronectin domains in 
2% serum and serum-free conditions during 7 days of 
experiment (Fig. 2D). 

Variable plating density of cells generally did not 
influence proliferation rate of HUCB-NSC growing on 
FN domains. Significant difference in proliferation 
rate of FN attached cells was observed only in one 
case: at fourth day in the lowest plating density of cells 
(20.8 ± 10.2% in the case of serum presence and 50.1 
± 17.1% in serum-free conditions). This was corre-
sponding to the very low number of cells/square (com-

Fig. 1. Layout of poly-L-lysine pattern on PEO-like surface 
which shows a pattern of squares of 100 µm side separated by 
120 µm distance. To visualize the quality of printing, poly-L-
lysine was conjugated with FITC. Scale bar: 500 µm.
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pare Fig. 2B with 2D), suggesting possible non-specif-
ic estimate at this exact time point.

Comparison of HUCB-NSC proliferation rate 
on poly-L-lysine versus fibronectin domains

The HUCB-NSC cells revealed lower proliferation 
rate on FN domains than on PLL domains for all inves-
tigated groups in 2nd, 4th and 7th day of culture (DIV – 
days in vitro). We have found that in the serum-free 
condition, the proliferation rate was higher on PLL 
domains (e.g., at day 4th in low density: 68.6 ± 8.9%) 
than on FN (22.7 ± 6.9%), in all observed plating den-
sities of cells and time of culture. Specifically the sta-
tistically significant differences between PLL and FN 
domains are shown for the samples: M DIV2nd, H 
DIV2nd ,M DIV4th, H DIV 4th, L DIV7th (p<0.001, Fig. 

2C, D). In the presence of serum, higher proliferation 
rate of HUCB-NSC cultured on PLL as compared to 
FN domains was also shown, however statistically 
significant difference appeared at L DIV4, M DIV7 
(p<0.001) and M DIV4 (p<0.01). 

Immunocytochemical analysis revealed that on PLL 
domains, many Ki-67-positive, round non-differentiat-
ed cells were present (Fig. 3A, B). This indicates that 
PLL domains promoted immobilization to the surface 
of HUCB-NSC cells with high capacity for prolifera-
tion (in both serum and serum-free conditions). 
However, the presence of serum stimulated neural 
commitment of some cells attached to PLL (more β-III 
tubulin-positive cells in Fig. 3A as compared to Fig. 
3B). In contrast to PLL, the HUCB-NSC observed on 
FN were flattened, strongly adherent, occupying 
almost all the square surface with a lower number of 

Fig. 2. Histogram of the total number of HUCB-NSC cells on domains printed with poly-L-lysine (PLL, A) and fibronectin 
(FN, B) and proliferation rate of cells persist on poly-L-lysine (C) and fibronectin (D) squares, in three starting plating den-
sities: low, (L: 1×104 cells/cm2), intermediate (M: 2,5×104 cells/cm2) and high (H: 5×104 cells/cm2 ) and cultured in the pres-
ence of 2% of serum, or in serum-free (SF) medium after 2, 4 and 7 days in vitro (DIV). Asterisks show statistically sig-
nificant differences between indicated pairs (values presented as means ± SD, from three experiments, p<0.001).
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cells per square (Fig. 3C, D as compared to Fig. 3A, B). 
In both serum and serum-free conditions, cells were 
neurally commited (expression of β III tubulin-positive 
cells in Fig. 3C, D) on FN; however the serum-free 
conditions induced outgrowth of neuronal protrusions 
(Fig. 3D), thus promoting further differentiation of 
HUCB-NSC cells. Figure 3 represents HUCB-NSC 
from the same plating density of cells on PLL and FN 
domains at serum-free and 2% serum conditions and 
shows the higher number of attached and proliferating 

cells on PLL than on FN (e.g., 49.2 ± 8.3 as compared 
to 23.5 ± 7 cells per square at the fourth day of culture 
respectively, compare Fig. 2C and D) in all investigated 
experimental variants. 

Electron microscopy investigation

The scanning and transmision electron microscopy 
was performed in order to visualize the three dimen-
tional and ultrastructural morphology of HUCB-NSC 

Fig. 3. Immunofluorescence images of HUCB-NSC cells plated on either poly-L-lysine (A,B) or fibronectin (C,D) patterns 
at 2.5×104 cells/cm2 plating density in 2% of serum (A,C) and serum free (B,D) medium at day 4. Cells grown on poly-L-
lysine show higher proliferation rate (Ki-67-positive red dots in blue stained nuclei) than on fibronectin. The β-III tubulin-
positive cells are presented in green. Cell nuclei are contra-stained with Hoechst (blue). Scale bar: 100 µm.
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in different culture conditions. Such analysis showed 
cell/cell and cell/substrate interactions, as well as the 
changes in the cellular ultrastructure induced by dif-
frent culture conditions. 

HUCB-NSC cultured on poly-L-lysine domains

We have confirmed that the non-specific type of 
adhesion on PLL resulted in mostly undifferentiated 
type of HUCB-NSC morphology. The small and round 
cells, not firmly attached (Fig. 4A, B), poor in organ-
elles cells (Fig. 5A), with small area of cell-surface and 
cell-cell connections/contacts but rich in microspikes/
filopodia were mostly visible on PLL samples in the 
absence of serum (Fig. 4 and 5A, B). Transmission 
electron microscopy images indicated the presence of 
chromosomes during cell metaphase (Fig. 5B asterisk) 
and the vicinity of fibres that might correspond to 
intermediate filaments. The scanning electron micro-

scope revealed that cells grown on PLL domains 
exhibited relatively weak adhesion to this substrate 
(Fig. 4A, B). During the experimental processing, the 
cells were more fragile for the treatment, not tightly 
connected and easily disintegrated.

HUCB-NSC cultured on fibronectin domains

On the contrary, HUCB-NSC growing on FN 
adhered strongly to the substrate, were tightly arranged, 
flattened (Fig. 4C, D), with visible junction between 
cells (Fig. 5C, D arrows) but with fewer microspikes/
filopodia, especially under low serum conditions (Fig. 
4C). However, fibronectin attached cells cultured in 
serum-free conditions were comparatively less flat-
tened than in 2% serum conditions and displayed out-
growth of long protrusions (Fig. 4D). The cytoplasm of 
the cells grown on FN revealed numerous intracellular 
organelles, such as Golgi apparatus, highly developed 

Fig. 4. Scanning electron microscopy images of HUCB-NSC cells plated on poly-L-lysine (A,B) and fibronectin (C,D) in 2% of 
serum (A,C) or serum free medium (B,D). Note the flattened phenotype of fibronectin attached cells in in the presence of serum 
(C) and the change of the shape and outgrowth of neuronal protrusions in the serum free conditions (D). Scale bar: 10 µm.
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endoplasmic reticulum and dividing mitochondria 
(Fig. 5C, D). Electron microscopy images of FN as 
compared to PLL grown cells indicate more advanced 
stage of cell differentiation.

DISCUSSION 

Different biofunctional domains, varying culture 
medium conditions and cell plating densities were 
investigated to assess proliferation capacity of HUCB-
NSC. Adhesive substrates such as poly-L-lysine and 
fibronectin were arranged as a pattern confining exact 
size and shape of the biofunctional domains. This was 
performed by microcontact printing technique, previ-
ously reported to be a suitable method allowing spa-

cio-temporal stimuli to be presented to HUCB-NSC 
(Ruiz et al. 2007, 2008, 2009, Buzanska et al. 2009a). 

Cell / biomaterials interactions and HUCB-NSC 
proliferation

In this study, we show that the balance between 
proliferation and differentiation of HUCB-NSC on 
PLL domains is shifted towards maintaining the divi-
sion capacity, while on FN the differentiation pathway 
is promoted. Fate decisions of neural stem cells derived 
from human cord blood have already been reported to 
be influenced by different types of adhesive substrates 
(Ceriotti et al. 2009, Buzanska et. al 2009, 2010, 
Sypecka et al. 2009, Szymczak et al. 2010).

Fig.5. Transmisson electron microscopy images of HUCB-NSC cells plated on poly-L-lysine (A,B) and fibronectin (C,D) in 
2% of serum (A,C) or serum free (B,D) medium. On poly-L-lysine, cells are loosely arranged, have big nucleus (A) or are 
during cell division, where the nuclear membrane has disappeared and the chromosomes during metaphase are highly con-
densed and individually distinct (B asterisk). The tight contact between cells is visible on fibronectin (C,D arrows), as well 
as many intracellular organelles (mitochondria-m, Golgi apparatus-g; C,D).
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 Observed differences in the adhesion profile and 
morphology of HUCB-NSC are likely attributed to the 
property of interaction on the cell membrane / bioma-
terial interface different on PLL and FN domains. 
Poly-L-lysine, which is a non-native polypeptide com-
prised of repeated, positively charged lysine sequence, 
attracts the negatively charged cell membrane and cre-
ates non specific, electrostatic bond formation (Yavin 
and Yavin 1974, Rao et al. 2009). However, PLL at 
longer time of cell culture can promote the adsorption 
of medium proteins (Heggins and Banker 1998) that 
leads to secretion of ECM components by the cell, then 
receptor-mediated adhesion and further mechano-re-
sponses (Rao et al. 2009) such as partial spreading and 
differentiation. That explains the sporadic appearance 
of spread and growing protrusions of cells on PLL at 
longer times of incubation, specifically appearing in 
the presence of serum. In contrast to PLL, FN acts 
through more specific interactions. The RGD domain 
(Arg-Gly-Asp) found in ECM proteins (laminin, col-
lagen and fibronectin) have been identified as a mini-
mum cell recognition sequence that can mediate adhe-
sion of many cell types, including neurons (Hersel et 
al. 2003, Rao et al. 2009). In the fibronectin molecule, 
in addition to the RGD domain, a second integrin bind-
ing site, the ‘‘synergy’’ site comprised of the sequence 
PHSRN (Pro-His-Ser-Arg-Asn), also participates in 
cell-ECM recognition (Hattori et al. 2009, Stabenfeldt 
et al. 2010). The fibronectin increases migration and 
survival of primary NSCs (Tate et al. 2002) and dif-
ferentiation of HUCB-NSC (Buzanska et al. 2009); 
moreover, this effect is enhanced in the presence of 
neurotrophins, like NGF or NT-3 (Nakajima et al. 
2007, Silva et al. 2009). In our study, HUCB-NSC cells 
on fibronectin domains were stimulated for differen-
tiation while keeping relatively high proliferation rate. 
Data from in vivo observation of developing mamma-
lian brain revealed the correlation between appearance 
of transient amplifying and migrating neural progeni-
tor cells. This was followed by the extracellular matrix 
reorganization from laminin to fibronectin based type 
and accompanied by so-called “integrin switch” on the 
cellular membrane (Stabenfeldt et al. 2010).

In theory, control of the cells by the adhesive substrate 
is not only dependent on its composition but also on mul-
tiple other physical mechanisms, such as ECM elasticity, 
geometry at the micro- and nanoscale and mechanical 
signals derived from substrates to the cell (Guilak et al. 
2009). The restricted shape or size of surface pattern can 

exert a direct effect on the obtained cell phenotypes. In 
this report cells are confined to the domains of precise 
shape (square of 100/100 μm) and thus have very limited 
and defined area for attachment and spreading. In this 
study such defined PLL domains allowed for immobili-
zation to the surface of proliferating and non-differenti-
ated HUCB-NSC, while our previous observations on 
non-limited area covered by PLL (on multi-well plates or 
culture bottles) revealed ability of HUCB-NSC to dif-
ferentiate and grow neuronal protrusions (Buzanska et 
al. 2006, Sypecka et al. 2009, Szymczak et al. 2010). This 
strongly suggests, that micro-scale area limitation of 
PLL domains is crucial for fate decision regarding prolif-
eration/differentiation developmental switch. The area 
limitations and borders of cell attachment domains were 
shown by other groups to influence directly cellular fate. 
The MSCs cultured on smaller islands covered with 
fibronectin committed to adipocyte differentiation 
whereas on the bigger ones differentiated into osteoblas-
tic lineage (Marklein and Burdick 2010). 

The ECM, being a crucial component of the stromal 
microenvironment, functions as a scaffold for tissue 
organization, encapsulating and releasing growth fac-
tors and chemokines, thus regulating cell behavior 
features, such as survival, proliferation, migration and 
differentiation (Daley et al. 2008, Marastoni et al. 
2008, Hu et al. 2009). This knowledge can be crucial 
in developing/engineering artificial ECMs for guiding 
embryonic or somatic stem cells after transplantation 
into the different organs (Guilak et al. 2009). 

Cell-cell contact and HUCB-NSC proliferation 

Plating density appeared to be an important factor 
for the stimulation of proliferation of HUCB-NSC on 
both PLL and fibronectin adhesive domains. We have 
revealed that plating density stimulates HUCB-NSC 
cells for the proliferation up to the certain threshold – 
cells seeded at intermediate density have significantly 
higher proliferation rate than low density. However, 
further increase in seeding density (to high density) did 
not influence the proliferation rate. Furthermore, in the 
high seeding conditions on PLL, the proliferation rate 
has even tendency to decrease. Similar correlation of 
seeding density to proliferation rate on different bioma-
terial surfaces was observed by Heng and coworkers 
(2010) for progenitors of endothelial cells derived from 
human umbilical vein. Such effect was coupled to the 
change in gene expression profile of endothelial pro-
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genitor cells. Different mechanical signals including 
forces generated by cell-matrix and cell-cell contacts 
were shown to be involved in regulation of develop-
mental processes like motility, proliferation, differen-
tiation and survival (Janmey and Miller 2010). 

Serum conditions and HUCB-NSC proliferation

The elimination of serum in the stem cell culture is 
an important issue because neural stem cell based 
research often aims in further application for human 
therapy. Such application requires elimination of any 
animal-origin compounds (xeno-free conditions) dur-
ing the in vitro culture. Serum used for culture is a 
cocktail of not well-defined factors essential for an in 
vitro expansion and carries the potential risk of con-
tamination with animal-derived pathogens. 
Additionally, serum containing medium may direct 
cells into not controlled differentiation. To avoid this 
all, defined serum-free media for stem cell culture are 
proposed (Richards et al. 2008, Tsuji et al. 2008) also 
for culturing of neural stem cells derived from cord 
blood and keep them in non-differentiated stage 
(Buzanska et al. 2006). However, neural stem cells 
growing in serum free conditions are usually non 
adherent population of floating cells difficult for 
studying their developmental processes such as adhe-
sion, proliferation or migration. Thus, it was important 
to establish conditions for concomitant maintaining of 
neural stem cells in serum free medium in their non-
differentiated state, but stably immobilized to the sur-
face. We have achieved this goal applying PLL func-
tional domains to immobilize to the surface of HUCB-
NSC (Buzanska et al. 2009a and this study).

The proliferation rate of HUCB-NSC was signifi-
cantly higher on PLL as compared to FN regardless 
serum conditions. Thus, according to our study, differ-
ent serum conditions exerted profound effect on the 
attachment and differentiation of HUCB-NSC on dif-
ferent biomaterial surfaces, but not on the proliferation 
rate. Furthermore, the observed strong adherence of 
HUCB-NSC to FN domains in both serum and serum-
free conditions promoted intracellular changes, charac-
teristic for differentiation: cytoplasm was more densely 
packed with organelles and the long protrusions were 
formed. Recently, similar feature was shown by 
Meinertzhagen and coauthors (2009) as characteristic 
for differentiating neuronal cells. We have previously 
demonstrated that the serum-free condition in the pres-

ence of extracellular matrix components as well as 
dBcAMP can promote the differentiation of HUCB-
NSC (Buzanska et al 2009). In this paper Ki-67-positive 
cells were present on fibronectin domains both in 2% 
serum and serum-free conditions and the presence of 
serum had no significant influence on the proliferation 
rate of HUCB-NSC and their ability for differentiation. 
This observation is in agreement with well-documented 
capacity of the committed and already differentiating 
neural progenitors for extensive proliferation both in 
vivo and in vitro (Encinas and Enikolopo 2008, Buzanska 
et al. 2009, Peltier et al. 2010, Tucker et al. 2010).

CONCLUSIONS

Neural stem cells derived from human cord blood 
have been cultured on the PLL and FN patterns in 
order to investigate their proliferation capacity at dif-
ferent microenvironmental conditions. Choice between 
the proliferation versus differentiation pathways of 
HUCB-NSC was attributed to the property of interac-
tion on the cell membrane/biomaterial interface differ-
ent on PLL and FN domains. We have shown that PLL 
domains of defined micro-scale adhesive area allow 
for maintaining highly proliferating population of neu-
ral stem cells in their non-differentiated state, as 
immobilized to the surface. Changes in the serum con-
tent in the culture medium and various plating densi-
ties of cells did not change this effect.

These studies conducted on confined adhesive pattern 
of microengineered cell growth platforms are giving 
more insight to the mechanisms of cellular decision on 
the proliferation/differentiation developmental switch.
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