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To create suitable biological scaffolds for tissue engineering and cell therapeutics, it is essential to under-
stand the matrix-mediated specification of stem cell differentiation. To this end, we studied the effect of
collagen type I on stem cell lineage specification. We altered the properties of collagen type I by incorpo-
rating carbon nanotubes (CNT). The collagen–CNT composite material was stiffer with thicker fibers and
longer D-period. Human decidua parietalis stem cells (hdpPSC) were found to differentiate exclusively
and rapidly towards neural cells on the collagen–CNT matrix. We attribute this accelerated neural differ-
entiation to the enhanced structural and mechanical properties of collagen–CNT material. Strikingly, the
collagen–CNT matrix, unlike collagen, imposes the neural fate by an alternate mechanism that may be
independent of beta-1 integrin and beta-catenin. The study demonstrates the sensitivity of stem cells
to subtle changes in the matrix and the utilization of a novel biocomposite material for efficient and
directed differentiation of stem cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Lineage-specific differentiations of stem cells are resulted from
the concerted efforts of physical and chemical cues within the
niche [1]. Derivation of neural progenitors and functional neural
cells from stem cells offer considerable hope of cellular replace-
ment therapies for neuro-degenerative disorders like Alzheimer0s.
A significant study by Engler et al. implied that, although the pres-
ence of soluble factors augments lineage acquisition, the appropri-
ate extracellular matrix (ECM) properties can promote the neural
fate in mesenchymal stem cells [2]. Dalby et al. reported similar
specifying capabilities of a nanostructured matrix on osteogenic
differentiation in mesenchymal stem cells [3]. These studies im-
plied that the physical cues and the biochemical signals transmit-
ted by cell–matrix interactions are sufficient to promote directed
differentiation [4,5].

In our previous study on neural differentiation of human
embryonic stem cells [6], we found that the collagen type I – car-
bon nanotube (collagen–CNT) composite matrix promoted an effi-
cient and rapid neuroectodermal commitment in a non-selective
medium (that allows random and spontaneous differentiation).
In this study, we investigated the matrix-directed lineage commit-
ment of human decidua parietalis placental stem cells (hdpPSCs).
hdpPSCs, previously known as human uterine fibroblasts, were
first derived by Strakova et al. [7]. These adult stem cells are much
more robust and easily derived and hence, are preferable for
in vitro studies and clinical therapies. Here we report on the early
neural marker expression profile on gelatin, collagen and collagen–
CNT matrices under the spontaneous differentiation condition. We
reaffirm the neural commitment and maturation of the hdpPSCs
are accelerated on collagen–CNT matrix. In addition, we identify
putative neural commitment mechanisms on collagen and colla-
gen–CNT matrices based on the distinct role of beta-1 integrin.
2. Materials and methods

2.1. Matrix preparation and cell culture

A variety of matrices were prepared according to our previously
published method [6]. In the current study, 1.5 mg/ml collagen
solution was utilized to prepare for the collagen matrix. Colla-
gen–CNT solution was prepared by adding 5 lg of oxidized CNT
per ml of collagen solution. 0.1% gelatin (Fisher scientific, Fairlawn,
NJ) was used to prepare for the control matrix.

Undifferentiated hdpPSCs (passage 2–3) were obtained from Dr.
Strakova0s lab and propagated in a self-renewal media according to
their pre-defined protocol [7]. For differentiation experiments, the
undifferentiated cells at passage 3–5 were trypsinized and plated
on various matrices in the non-selective, spontaneous differentia-
tion medium (DMEM + 10% FBS + 1% non-essential amino acids)
at a density of 5000 cells/cm2 per matrix.
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2.2. AFM measurements

A multimode Nanoscope IIIa AFM (Veeco Metrology, Santa Bar-
bara, CA), equipped with a J-scanner, was utilized in this study.
Both AFM imaging and stiffness measurements were carried out
in PBS buffer using Si3N4 tips with a spring constant of
0.056 ± 0.002 N/m, calibrated by using reference cantilevers with
known spring constants. The substrate stiffness measurements
were conducted by employing an AFM tip as a nano-indenter to
generate force spectra, from which the Young’s modulus, E, was de-
rived using the Hertzian model [8–10]. The average E was calcu-
lated from E-maps consisting of a minimum of 25 data points per
area, and measured from at least five areas in different samples
using different tips.

2.3. Immunofluorescence staining

A Nikon U-2000 microscope was used to collect the immunoflu-
orescent images. The expression of nestin and SOX1 was tracked at
8 h, Day 1 and Day 3 post-plating. The expression of Tuj-1 and Neu-
N was examined in cells after a week in culture. For each experi-
ment on a particular marker, the exposure time and gain value
were kept constant throughout the entire study across all matrix
samples and time points. The primary antibodies used in this study
include rabbit anti-Nestin (Millipore, Billerica, MA, 1:200 dilution),
rabbit anti-SOX1, (Abcam, Cambridge, MA, 1:200 dilution), rabbit
anti-Beta-1 integrin (BD biosciences, San Jose, CA, 1:500 dilution),
rabbit anti-Beta-3 tubulin (Tuj 1, Abcam, Cambridge, MA, 1:200
dilution) and mouse anti-NeuN (Millipore, Temecula, CA, 1:100
dilution). Secondary antibodies were purchased from Invitrogen
(Carlsbad, CA) and used at a dilution of 1:200. Negative control
was performed by excluding the primary antibody during the
staining protocol for each matrix for every trial.

The immunofluorescent images were quantitatively analyzed
by ImageJ, a software developed by NIH. Image size, magnification
and imaging parameters were maintained constant throughout all
measurements to avoid variations between samples. In determin-
ing the percentage of positively stained cells, a cell is considered
positive when its fluorescence intensity is two folds or more above
the background. For transcription factors such as SOX1, NeuN and
beta-catenin, the nuclear staining was measured to determine the
positively stained cells.

2.4. Beta-1 integrin blocking experiments

An antibody targeting to the N-terminal of beta-1 integrin (Ab-
cam, Cambridge, MA), termed blocking antibody, was chosen to
block the beta-1 integrin interaction with the matrices. 1 lg/ml
blocking antibody was supplied to the medium at the time of cell
plating, resulting in sufficient and reproducible differences com-
pared to the control. For neural commitment studies, the expres-
sion levels of beta-1 integrin (using C-terminal specific antibody),
SOX1 and beta-catenin were examined in cells at 1 and 4 h post-
plating.
3. Results

3.1. Characterization of matrices and the matrix directed cell growth

As shown in the phase images in Fig. 1A–C, densely distributed
fibers are visible on collagen and collagen–CNT matrices while the
gelatin surface is homogeneous. In the structured matrices, a crude
alignment of fibers is visible upon dip-coating. The nanoscopic sur-
face features of the matrices were examined by AFM. As shown in
Fig. 1D–F, the gelatin surface is feature-less with a surface
roughness of 4.2 nm. Collagen fibers are �50 nm in diameter with
a D-period of 68 ± 1 nm. Collagen–CNT fibers are thicker (225 nm
in diameter) with an extended D-period of 70 ± 1 nm. The differ-
ence in D-period is statistically significant (p < 0.001) according
to the t-test. We also examined the matrix stiffness by using the
nano-indentation method, and derived the mean values of Young0s
modulus for gelatin, collagen and collagen–CNT matrices to be
0.07, 0.123 and 0.240 MPa, respectively. The longer D-period sug-
gests that the addition of CNT to collagen causes a molecular level
alteration of the collagen fiber assembly. The formation of thicker
bundles is likely the result of CNT enhanced collagen-collagen
association during the assembly process. The results are consistent
with our previous observations [6].

To understand the cell–matrix interaction, we examined
hdpPSCs on Day 3 of differentiation in a non-selective medium.
Most cells on gelatin showed irregular and polygonal shapes
(Fig. 1G). On collagen and collagen–CNT matrices, however, almost
all cells observed were bipolar. The cell projection on collagen–CNT
(648 ± 262 lm) was much longer than that on collagen
(458 ± 129 lm) (Fig. 1H, I – red arrows). Strikingly, the cells on col-
lagen–CNT were well-aligned with respect to each other, following
the crude alignment of the dip-coated matrix. On collagen, such
alignment was not always present. No cell alignment was seen
on gelatin matrix. These results suggest that matrix features influ-
ence the cell shape and alignment.

3.2. Neural commitment on various matrices

By Day 3 of hdpPSC differentiation in a non-selective medium,
we did not find any specification towards endoderm or mesoderm
in cells on any of the matrices (data not shown). However, the cells
showed noticeable expression patterns of nestin and SOX1, which
are markers for neuro-ectoderm (Fig. 2A). SOX1 is a transcription
factor and is the earliest marker for neural commitment in vitro
[11,12]. Down-regulation of SOX1 marks the transition from com-
mitted neural precursors to neural progenitor phenotypes [13]. Im-
ageJ analysis suggests that by 8 h of culture, SOX1 was expressed
by 60% of the population on collagen–CNT compared to 28% on col-
lagen and only 6% on gelatin (Fig. 2B). Moreover, the SOX1 (+)ve to
SOX1 (–)ve transition occurred by Day 1 in cells on collagen–CNT
as indicated by the decline in the expression level and the percent-
age-positive data. The cells on collagen maintained the same SOX1
expression level initially and dropped by Day 3. Thus, collagen–
CNT imposes early neural fate commitment and rapid transition
to progenitor phenotypes. These expression patterns were re-
flected at the mRNA level (not shown).

The lower panel of Fig. 2A shows the nestin-positive cells
observed on all matrix types. Nestin, an intermediate filament pro-
tein, is expressed highly by neural progenitors [14]. Nestin-positive
proliferating cells have the potential to differentiate into neuronal
or glial cells [15]. On both collagen and collagen–CNT, the cells
staining nestin strongly were also bipolar in shape. On gelatin,
the strongly positive cells were rarely bipolar, and were usually
surrounded by cells expressing little or no nestin. From Fig. 2C,
the nestin expression level and the percentage of positively stained
cells continuously increased over the 3-day time period on colla-
gen–CNT. These values were much higher than those on collagen
and gelatin. Although nestin’s function is not completely under-
stood, it is involved in the organization & maintenance of elon-
gated cellular morphology of neuro-epithelial precursors [16].
Thus, the high nestin expression on collagen–CNT may be involved
in producing the highly elongated cellular morphology. Interest-
ingly, although collagen supported SOX1 expression at a high level
and in a significant cell number, the nestin expression level was
lower than that on collagen–CNT and the number of nestin-posi-
tive cells increased only modestly by Day 3. Taken together, as of



Fig. 1. Characterization of various matrices and the cell growth. (A–C) Phase images of gelatin (A), collagen (B) and collagen/CNT (collCNT) (C) matrices showing the
microscopic surface features. Magnification: 10�. (D–F) 8.5 � 8.5 lm2 AFM images (in amplitude mode) illustrating the nanoscopic surface features of the matrices. (G–I)
Phase images of the hdpPSCs at Day 3 of differentiation on gelatin (G), collagen (H) and collCNT (I) matrices. The red arrows point to cell projections. Magnification: 10�. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Day 3, it appears most cells on collagen–CNT were established neu-
ral progenitors, while cells on gelatin and collagen lagged behind.

By Day 6, we identified many cells with dendritic morphology
(yellow dotted arrows) on collagen–CNT (Fig. 3). These cells were
positive for either Tuj-1 or NeuN. On collagen, only Tuj-1-positive
cells were predominantly observed by Day 6 and NeuN staining
was barely detectable. In contrast, on gelatin, neither Tuj-1 nor
NeuN staining was observed. Thus, the collagen–CNT matrix is
capable of supporting the development of mature neuronal cells
at a faster pace than collagen and gelatin.

3.3. Beta-1 integrin expression profile

The aforementioned study established that the matrix proper-
ties dictate the neural fate in hdpPSCs. In order to understand
how collagen and collagen–CNT matrices elicit their different neu-
ral commitment/differentiation response in hdpPSCs, we focused
on beta-1 integrin, the transmembrane adhesive receptor protein.
As the specific cell surface receptor of collagen, beta-1 integrin is
a key component to sense and transmit physical and chemical cues
of the matrix to intracellular signaling pathways.

To reveal the effect of beta-1 integrin, a blocking antibody (tar-
geting to the N-terminal domain of beta-1 integrin) was applied to
cells during adhesion, and the expression level of beta-1 integrin
was profiled using an antibody specific to the C-terminal
(Fig. 4A). The experiments were carried out on collagen and colla-
gen–CNT matrices at 1 and 4 h post-plating. Under the control con-
dition while no blocking antibody was applied, cells on collagen
expressed a higher level of beta-1 integrin than those on colla-
gen–CNT (Fig. 4B, i and ii). At 1 h post-plating, the percentage of
beta-1 integrin positive cells (b-int%pos) was also higher on collagen
(13%) than on collagen–CNT (5%) (Fig. 4C). The application of block-
ing antibody reduced the beta-1 integrin expression level and the
b-int%pos on pure collagen (Fig. 4B (iii) and C). On collagen–CNT
(Fig. 4B (iv) and C), on the contrary, blocking beta-1 integrin caused
a significant increase in beta-1 integrin expression and an increase
in the b-int%pos. At 4 h post-plating, we found the change of b-
int%pos followed the same trend as at 1 h post-plating while the
b-int%pos increased by 2–4-fold on both matrices under either con-
dition. The results suggest that blocking beta-1 integrin has ma-
trix-dependent effects on endogenous beta-1 integrin expression.

3.4. Effect of blocking beta-1 integrin on neural commitment

Beta-1 integrin is linked to nuclear accumulation of beta-cate-
nin [17], a well-established regulator of neural differentiation. In
order to test the role of integrin in neural commitment in our sys-
tem, we examined the percentage positive cells for SOX1
(SOX1%pos) and beta-catenin (b-cat%pos) at 1 h post-plating under
control and beta-1 integrin blocked conditions. The results are



Fig. 2. Neural lineage specification in hdpPSCs. (A) Immunofluorescent images showing the SOX1 and Nestin positive cells on various matrices at Day 3 of differentiation. Bar
size: 100 lm. Typical SOX1 (+) and SOX1 (–) cells are indicated by the yellow and green arrows, respectively. (B,C) ImageJ quantification of the expression levels of SOX1 (B)
and Nestin (C) in cells on various matrices, illustrated in both the mean fluorescence intensity and the percentage of positively staining cells. n = 100. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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summarized in Fig. 4C. Unless otherwise specified, the expression
pattern of the proteins followed the same trend at 4 h post-plating.

Under control conditions, lower b-cat%pos was observed on col-
lagen–CNT than on collagen, mirroring the beta-1 integrin expres-
sion pattern. On collagen, blocking-induced reduction in b-int%pos

is reflected in the reduced b-cat%pos. On collagen–CNT, blocking-in-
duced increase in b-int%pos is correlated with a greater b-cat%pos.
Thus, it appears that beta-1 integrin is linked to beta-catenin
expression in cells on both matrices. On collagen, when beta-1
integrin and beta-catenin were both highly expressed (i.e, under
the control condition), high SOX1%pos was observed. The reduction
in beta-1 integrin and beta-catenin upon blocking coincided with
the dramatic reduction in SOX1%pos. There appears to be a direct
relation among the three proteins in cells on collagen matrix. It
is conceived that, upon adhesion to the collagen matrix, the beta-
1 integrin may trigger biochemical pathway of neural fate commit-
ment (i.e, SOX1 expression) via beta-catenin.

On collagen–CNT, although the b-int%pos was lower than that on
collagen under the control condition, the SOX1%pos was much
higher (70% at 1 h post-plating). Moreover, blocking-induced
up-regulation in beta-1 integrin and beta-catenin in cells on colla-
gen–CNT significantly reduced the SOX1%pos to just 6% at 1 h of
post-plating, indicating an inverse correlation between beta-1
integrin (and beta-catenin) and SOX1. However, it must be noted
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Fig. 3. Immunofluorescent images of hdpPSCs at Day 6 of differentiation on collagen and collCNT, staining against Tuj-1 (green) and NeuN (red). The yellow dotted arrows
and the blue arrows indicate the Tuj-1 and NeuN strongly positive cells, respectively. Bar size: 100 lm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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Fig. 4. Beta-1 integrin expression profile. (A) Schematic of detecting beta-1 integrin expression post-blocking. (B) Immunofluorescent images of beta-1 integrin expression in
cells on collagen and collCNT at 1 h post-plating with (iii, iv) and without (i, ii) the addition of 1 lg/ml blocking antibody to the medium at the time of cell plating. Bar size:
150 lm. (C) Percentage of cells positive for beta-1 integrin, SOX1 and beta-catenin at 1 h post-plating on collagen and collCNT under control and beta-1 integrin blocked
conditions. i = 100.
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that at 4 h post-plating under the blocking condition, the SOX1%pos

increased to 46% on collagen–CNT, implying that the increase in
beta-1 integrin expression did not completely deter but delayed
the incidence of SOX1 in cells on collagen–CNT. The relative mRNA
levels (not shown) at 1 and 4 h also indicated a similar trend of
SOX1 expression. From these observations, we conclude that
although beta-1 integrin may be linked to beta-catenin in cells
on collagen–CNT, the SOX1 expression either unnecessarily re-
quires high beta-1 integrin expression/incidence or is negatively
impacted by the increase in beta-1 integrin and beta-catenin,
pointing to an inverse correlation. Based on these data, we specu-
late that unlike on collagen, the neural commitment pathway on
collagen–CNT likely does not require the high beta-catenin and/
or beta-1 integrin expression.

Considering that beta-1 integrin is primarily an adhesion
protein, the low expression of beta-1 integrin in cells on colla-
gen–CNT may lead to low cell-matrix adhesion strength, indicating
the role of mechanotransductive pathway. We used a trypsin
de-adhesion assay [18] to deduce the adhesion strength of cells
to collagen vs. collagen–CNT within an hour of plating under
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control and beta-1 integrin blocked conditions. By monitoring the
cell area decrease over time upon trypsinization, we derived the
earliest saturation time point when there is no more reduction in
cell area in the presence of trypsin. Combined with the data in
Fig. 4C, the results indicate that on matrices where beta-1 integrin
expression level was lower (or higher), the saturation time point
was lower (or higher) and hence, the adhesion was reduced (or in-
creased). Thus, the level of beta-1 integrin expression in cells on a
matrix is correlated to the strength of cell adhesion. The low adhe-
sion between the cells and the collagen–CNT matrix may trigger an
alternative mechanotransductive pathway resulting in the en-
hanced neural commitment phenomena on collagen–CNT, as fur-
ther delineated in the next section.

3.5. Discussions

The extracellular matrix proteins provide unique structural and
chemical cues to regulate the stem cell differentiation. As a ubiqui-
tous ECM structural protein, collagen is well-suited for studies on
matrix-mediated effects on stem cell differentiation. The structure
of collagen type I possesses well-formed fibers of specific dimen-
sion and stiffness (Fig. 1). Unlike the amorphous surface of gelatin,
the fibrous structure of collagen can generate neural precursors
and progenitors that proceeded towards largely Tuj-1 expressing
immature neuronal cells by Day 6 (Fig. 3). The specific ligands
and the appropriate stiffness of collagen may have played a role
in its neural fate specifying capacity, as observed by others
[9,19]. This observation suggests that the unique molecular, struc-
tural and mechanical features of the matrix protein were sufficient
to specify cell fate without the need of pro-neural soluble factors.
Therefore, collagen is a useful matrix for deriving neural cells.

We and others have reported that CNT is capable of promoting
neural differentiation of stem cells [6,20,21]. Here, we observed
that CNT augmented the capabilities of collagen as a matrix for
neural differentiation of hdpPSCs. Interestingly, applying the same
amount of CNT to gelatin neither altered gelatin’s properties nota-
bly nor augmented the effect of gelatin on cellular differentiation
(not shown). Thus, the effect of CNT in the current study is medi-
ated through the structural framework of collagen fibers. Com-
pared to the collagen matrix, the increased fiber width, D-period
and stiffness of collagen–CNT matrix facilitated the generation of
extremely bipolar-shaped cells resembling neuro-epithelial pro-
genitors (Fig. 1) [5,22]. Collagen–CNT not only led to early commit-
ment to neural fate, but accelerated the transition to Tuj-1 as well
as NeuN expressing neuronal cells (Fig. 2). Whether these cells are
functionally differentiated is subject to further investigation. Since
the composition of collagen and collagen–CNT matrices is essen-
tially the same, the difference in neural differentiation is likely
stemmed from the difference in their physical characteristics. This
study has demonstrated the exclusive role of matrix properties on
neural differentiation.

It is known that matrix cues, such as composition [19], stiffness
[6] and topography [3,23], affect cell differentiation by regulating
intracellular signaling pathways. With regards to neural differenti-
ation, beta-1 integrin is highly relevant due to its specific binding
to collagen type I [24]. We found while cells on collagen expressed
high levels of beta-1 integrin, possibly stimulated by the highly
specific interaction, cells on collagen–CNT matrix exhibited
remarkable reduction in the beta-1 integrin expression level as a
consequence of the augmented matrix stiffness and the altered
structure (D-period, fiber thickness and possibly, ligand presenta-
tion profile). This observation indicates that cells are extremely
sensitive to matrix properties and respond with dramatically dif-
ferent protein expression profiles, and most likely different signal-
ing pathways. In collagen, the direct correlation between beta-1
integrin, beta-catenin and SOX1 indicates beta-1 integrin likely
contributes to neural commitment on collagen matrix via beta-
catenin. A possible mechanism is that beta-1 integrin stimulates
integrin-linked kinase (ILK) that causes the nuclear translocation
of beta-catenin [25] and induces the expression of SOX1 within
the nucleus for neural commitment. On collagen–CNT matrix,
however, high beta-1 integrin expression in cells is unnecessary
and in fact may be detrimental to the rapid onset of SOX1 expres-
sion. An alternative mechanotransductive pathway may be in-
volved. Recently, Du et al. observed that lower adhesion to
matrix led to decreased surface expression and increased internal-
ization of beta-1 integrin, which dictated the neural fate by a BMP/
smad signaling pathway [26]. Alternatively, others have reported
that the reduction in adhesion, in correspondence to the low
beta-1 integrin expression, may de-activate tensional elements
such as RhoA and ROCK to facilitate neural differentiation in stem
cells [4,27,28]. Thus, the reduced cell adhesion strength at low
beta-1 integrin expression level on the collagen–CNT matrix, asso-
ciated with the increase in collagen fiber stiffness, D-period and
width, likely accelerate the neural fate of hdpPSCs by triggering
the intracellular mechanotransductive pathways.

The current study has demonstrated that collagen–CNT com-
posite material is a superior matrix for hdpPSCs to induce neural
cell morphology, efficient neural commitment and accelerated
neural maturation. Electrophysiological studies will be conducted
in order to attest the neuronal functionality. In identifying the role
of beta-1 integrin, the study has laid the groundwork for more
comprehensive studies on investigating neural commitment path-
ways on collagen and collagen–CNT and tracking beta-1 integrin
expression and neural commitment dynamics on matrices of var-
ied structural and mechanical properties.
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