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Abstract

Incorporation of polyhedral oligomeric silsesquioxanes (POSS) into poly (ester urethane)s (PEU)
as a building block results in a PEU/POSS hybrid polymer with increased mechanical strength and
thermostability. An attractive feature of the new polymer is that it forms a porous matrix when
cast in the form of a thin film, making it potentially useful in tissue engineering. In this study, we
present detailed microscopic analysis of the PEU/POSS matrix and demonstrate its
biocompatibility with cell culture. The PEU/POSS polymer forms a continuous porous matrix with
open pores and interconnected grooves. From SEM image analysis, it is calculated that there are
about 950 pores per mm? of the matrix area with pore size ranging from 1 to 15 um in diameter.
The area occupied by the pores represents approximately 7.6 % of matrix area. Using mouse
embryonic stem cells (ESCs), we demonstrate that the PEU/POSS matrix provides excellent
support for cell proliferation and differentiation. Under the cell culture condition optimized to
maintain self-renewal, ESCs grown on a PEU/POSS matrix exhibit undifferentiated morphology,
express pluripotency markers, and have similar growth rate to cells grown on gelatin. When
induced for differentiation, ESCs underwent dramatic morphological change, characterized by the
loss of clonogenecity and increased cell size with well-expanded cytoskeleton networks.
Differentiated cells are able to form a continuous monolayer that is closely embedded on the
matrix. The excellent compatibility between the PEU/POSS matrix and ESC proliferation/
differentiation demonstrates the potential of using PEU/POSS polymers in future ESC-based
tissue engineering.

Keywords

Embryonic stem cell; Self-renewal; Differentiation; Poly (ester urethane)s; Polyhedral oligomeric
silsesquioxanes; Cell-matrix interaction

1. Introduction

The goal of tissue engineering is to restore the function and structure of the damaged or
aging tissues through the delivery of cells in appropriate matrices into the patient. Therefore,
obtaining sufficient amount of cells and suitable matrices for cell growth are the two most
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important tasks in tissue engineering (Langer and Vacanti 1993). The natural biopolymers
have been extensively explored for this purpose. However, most of them do not have proper
mechanical properties. Their limited availability, immune rejection, and chemical
complexity significantly limit their applications in tissue engineering (Burdick and Vunjak-
Novakovic 2000; Saha et al. 2007). Consequently, there is an increasing need to develop
synthetic materials as alternatives. Exciting advance in the field has been made in recent
years driven by the rapid progress in stem cell biology and our ability to manufacture novel
biomaterials in chemical engineering (Elisseeff et al. 2006). It is apparent that continued
progress in this field will depend upon availability and reproducible technologies for
manufacturing synthetic growth matrices.

The choice of the cells for tissue engineering is of critical importance. The limited
availability of cells in sufficient quantity is one of the major barriers. Recent attention has
been focused upon the use of stem cells, including adult stem cells and embryonic stem cells
(ESCs), but the latter have been the center of intensive investigation (Wobus and Boheler
2005). It has become increasingly clear that ESCs could be a promising cell source for tissue
engineering because of their availability in large quantity and the ability to differentiate to
any types of somatic cells (Chai and Leong 2007; Dawson et al. 2008). ESCs are derived
from the inner cell mass of an early stage embryo. Under proper culture conditions, they
have unlimited capacity for self-renewal to produce large amount of cell stock. When
induced, they can differentiate into desired cell lineages, a property known as pluripotency
(Wobus and Boheler 2005). However, the lack of appropriate growth matrices and methods
that maintain the pluripotency and directed differentiation of ESCs on demand to particular
cell lineages is a major obstacle for their biomedical application (Raghunath et al. 2005;
Wang et al. 2006). It is well recognized that both self-renewal and differentiation of ESCs
are regulated by soluble growth factors, cytokines, other small molecules, and by the
extracellular matrix(ECM). The ECM plays multiple roles for tissue function, but its
primary function is to provide structural support to the cells and environmental cues that
regulate cell activities (Nelson and Bissell 2006). Therefore, seeking synthetic matrices that
mimic the mechanical properties and the surface chemistry of the natural ECM suitable for
ESC propagation and controlled differentiation is one of the current focuses in ESC-based
tissue engineering. Driven by the rapid advance in ESC research in recent years, various
synthetic materials, such as polyamide-based 3D nanofibrillar (Nur et al. 2006), poly
(ethylene terephthalate) matrix (Ouyang et al. 2007) and hydrogels (Gerecht et al. 2007)
have been tested. Studies have shown the great promise of using these synthetic matrices for
ESC expansion and differentiation (Gerecht et al. 2007; Hwang et al. 2006; Saha et al.
2007). Apparently, specific investigation will be needed for each of the polymeric matrices
of interest because of their diverse chemical compositions and mechanical properties that
can differentially affect ESC activities.

Polyurethane (PU) polymers are multiple micro-phase separated co-polymers consisting of
soft and hard segments. This characteristic gives the polymers greater elasticity due to the
flexible soft segments while the hard segments contribute to the mechanical strength (Korley
et al. 2006; Wang et al. 2008). PU polymers can be tailored to various properties by varying
the preparation methods and chemical compositions. A number of PU polymers have been
used for biomedical devices, especially in the area of cardiovascular engineering (Kannan et
al. 2005; Lamba et al. 1997). We have recently synthesized and characterized a novel
biodegradable and biocompatible poly (ester-urethane)s (PEU). The PEU thin films support
proliferation of several types of cells including ESCs without any toxicity (Wang et al.
2008). We are inspired by the recent finding that polyhedral oligomeric silsesquioxane
(POSS), an organosilicon oligomer existing as a nanoscale hollow cage, can be incorporated
into PU polymers as a building block (Kannan et al. 2005). It has been shown that
incorporation of POSS into poly (carbonate-urea)urethane resulted in a hybrid polymer with
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improved mechanical properties that also inhibits thromobogenicity (Kannan et al. 2006a)
and promote endothelialization (Kannan et al. 2006b; Kannan et al. 2006c). These properties
make this new class of polymers very attractive biomaterials for cardiovascular tissue
engineering. We have developed alternative approaches of incorporating POSS molecules as
an integral part of PEU chain segments (Nanda et al. 2006; Wang et al. 2009). An important
finding is that the PEU/POSS hybrid polymer forms a porous matrix with when cast in the
form of a thin film, a desired feature of cell growth matrices since porosity is critical for the
nutrient/waste exchange in engineered tissues (Burdick and VVunjak-Novakovic 2000;
Dawson et al. 2008; Hwang et al. 2008). In the current study, we describe the
characterization of the porous PEU/POSS matrix and demonstrate its excellent compatibility
with ESC proliferation and differentiation, therefore, its potential application in ESC-based
tissue engineering and regenerative medicine.

2. Materials and Methods
2.1. Synthesis of PEU/POSS polymer and the film matrix preparation

The PEU/POSS hybrid polymer was synthesized via in situ homogeneous solution
polymerization as we previously described in detail (Wang et al. 2009). For the film
preparation, PEU/POSS polymer containing 6 wt% POSS was dissolved in
dimethylformamide (DMF) and was then precipitated in ethanol. The precipitated PEU/
POSS polymer was dried under vacuum for 48 h at 40 °C. A solution of 2% PEU/POSS was
made in DMF. 140 pL of polymer solution was carefully dropped onto a coverglass (12 mm
diameter) to form a thin film. The coverglasses were left at room temperature for 48 h, and
then were further dried under vacuum for additional 48 h. They were sterilized in 70%
ethanol overnight and thoroughly washed with PBS before use for cell culture.

2.2. Cell culture

Mouse ESCs (DBA/252 cell line) used in this study have been previously described (Allen
et al. 2000; Guo and Yang 2006). They were maintained in standard ESC medium
(knockout-DMEM, 15% fetal bovine serum [FBS], 0.2 mM L-glutamine, 0.1 mM 2-
mercaptoethanol, 0.1 mM MEM nonessential amino acids, and 1000 U/ml LIF). Cells were
routinely grown in cell culture dishes coated with 0.1% gelatin at 37°C in a humidified
atmosphere at 5% CO».

Gelatin is a partial hydrolytic product of collagens that has been routinely used as a matrix
protein to coat cell culture dishes for in vitro ESC proliferation and differentiation. For
comparative analysis, gelatin-coated coverglasses were used in parallel experiments with the
PEU/POSS thin matrix. For ESC proliferation, cells were cultured in standard ESC medium
containing LIF to prevent differentiation. After incubated for different time periods, the cells
were fixed and stained with 1% toluidine blue (TB). The cells density was examined under a
microscope. To quantitatively determine cell number, TB was extracted with 2% sodium
dodecyl sulfate. The absorbance at 630 nm was determined with a microtiter plate reader.
The value, which correlates with cell number, was used as an indirect measurement of cell
proliferation as previously described (Wang et al. 2008). For differentiation, cells were
cultured under the same conditions as described for cell proliferation except that the LIF was
excluded to promote cell differentiation. The medium was refreshed every other day. After
differentiation for 10 days, the cells were fixed with 4% paraformaldehyde and processed
for various microscopic analyses as described in individual experiments.

2.3. Colony formation and alkaline phosphatase (AP) assay

ESCs were seeded onto coverglasses coated with gelatin or coated with the PEU/POSS
matrix and cultured in standard ESC medium for 6 days under the same conditions as
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described for cell proliferation. The medium was refreshed every day. At the end of the
experiment, cells were fixed with 4% paraformaldehyde and stained with an AP Kit
(Sigma)following the procedures recommended by the manufacturer. AP positive colonies,
which indicate the undifferentiated state of ESCs (O’Connor et al. 2008), were identified by
their red color and analyzed under a microscope.

2.4. Quantitative real time-PCR (qRT-PCR) analysis

The expression level of ESC pluripotency markers was analyzed by gRT-PCR according the
method we previously described (Chakraborty et al. 2009). Briefly, total RNA was extracted
from cells with Tri-reagent (Sigma) and treated with DNase to eliminate residual genomic
DNA. cDNA was prepared by reverse transcription using M-MLV reverse transcriptase. The
specificity of PCR products was determined by dissociation curve and confirmed by agarose
gel electrophoresis. gRT-PCR was performed using the SYBR green jumpstart TAQ ready
mix (Sigma) on a MX3000PTM Real-time PCR system (Stratagene). Sequences for the
primer sets for ESC pluripotency markers were as follows:

Sox2, forward: 5-GACAGCTACGCGCACATGA-3'
reverse: 5'-GGTGCATCGGTTGCATCTG-3’

Oct4, forward: 5'-AGTTGGCGTGGAGACTTTGC-3’
reverse:5-CAGGGCTTTCATGTCCTGG-3'

Nanog, forward: 5-TTGCTTACAAGGGTCTGCTACT-3'
reverse: 5'-ACTGGTAGAAGAATCAGGGCT-3'

B-actin, forward: 5'-CATGTACGTAGCCATCCAGGC-3’
reverse: 5'-CTCTTTGATGTCACGCACGAT-3'

The mRNA level from gRT-PCR was calculated using the comparative Ct method (Pfaffl
2001). p-actin mRNA was used as a calibrator for the calculation of relative mRNA levels of
the tested genes.

2.5. Microscopy and image analysis

Phase contrast microscopy—-Cells stained with AP staining kit or with TB were
analyzed under an inverted Olympus microscope with phase contrast lenses and
photographed with a Cannon digital camera.

Fluorescence and confocal microscopy—To visualize the cytoskeleton and the
nuclei, the cells were double stained with uorescein isothiocyanate (FITC)-phalloidin (5 pg/
ml) and DAPI (10 uM), respectively. The cells were examined under an Olympus
fluorescence microscope (BX60). The images were photographed with a micropublisher
digital camera (Qimaging). To visualize the auto-fluorescence of the polymer films, the
samples were examined under a Nikon fluorescence microscope (Eclipse 80i) with filters set
for the examination of FITC. The images were processed using Image-Pro Plus software. To
visualize the surface structure and cell-matrix interaction, a Z-stack consisting of a series of
sections with the thickness of 1.5 um per section were acquired with LSM510 laser-scanning
confocal microscope (Zeiss). The 3D projection was reconstructed from Z-stack sections
with LSM Image Examiner software (Zeiss).

Scanning electron microscopy (SEM)—Cells grown on glass coverglasses coated

with gelatin or with the PEU/POSS matrix were fixed with 4% paraformaldehyde. The cells
were dehydrated with ethanol with increment from 35% of ethanol to 100%. The surfaces of
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the samples were sputter-coated with gold at 25 mA for 150 seconds to increase the
electrical conductivity and then analyzed with a SEM (FEI Quanta 200) under high vacuum
at 20 kv. The images were captured at different magnifications. Quantitative analysis of the
pore size, number, distribution, and area coverage in the PEU/POSS matrix were performed
with an image analysis software (Image J®).

3. Results

3.1. Characterization of the porous PEU/POSS matrix

We have previously reported that incorporation of POSS into PEU influence a number of
physical and mechanical properties, such as storage modulus, viscosity, surface property,
and degradability (Nanda et al. 2006; Wang et al. 2009). While testing cell growth on PEU/
POSS matrices, we unexpectedly found that the structural features of PEU/POSS thin films
could be visualized under a fluorescence microscope due the auto-fluorescence of the
polymers. Figure 1A shows the structure of a thin film visualized under a conventional
fluorescence microscope. It appears as a continuous porous matrix with a regular pattern of
pores and grooves. To confirm this observation, the thin film was subjected to further
analysis by confocal microscopy and scanning electron microscopy (SEM). Figure 1B
shows the 3D surface structure of the thin film reconstructed from a Z-stack of thin sections,
reflecting the grooves observed by conventional fluorescence microscopy. Although these
structures distribute randomly, the overall surface of the matrix appears rather uniform with
average thickness of ~30 um. The images from SEM share similar structural characteristics
detected by fluorescence microscopy but reveal more details. The open pores are clearly
visible (Figure 1C & D, indicated by arrows). They vary in diameter ranging approximately
from 1 to 15 um and randomly distributed through out entire imaged area. Using the Image
J® software, the pores in SEM images were traced to new images where the pore number
and area can be automatically calculated. Figure 1E and F show the results and data
corresponding to Figure 1C and D, respectively. It is calculated that there are about 950
pores/per mm2, which collectively cover about 7.6 + 1.35% of total imaged area of the
matrix (determined from 3 images). It is noted that number of pores from the automatic
calculation with the software is very close the results obtained by manual counting and that
the dimension and the distribution of pores generated in the new images closely match that
observed in the original images (E vs. C and F vs. D).

3.2. The PEU/POSS matrix can support ESC proliferation and maintain ESC pluripotency

To test if the surface structure of the PEU/POSS thin film is compatible with ESC growth,
we first analyzed ESC adhesion and proliferation on a PEU/POSS matrix. ESCs were seeded
at the low density and cultured for 1, 2, and 3 days. The cells on the polymers were not
visible due to the similar color between the polymer and live cells, but cells can be easily
identified by their purple color after staining them with toluidine blue (TB). As shown in
figure 2A, ESCs grew in colonies as expected on a gelatin-coated coverglass. ESCs grown
on a PEU/POSS matrix were also detected as colonies with similar size and cell density to
cells grown on gelatin. To quantitatively determine growth rate at different growth periods,
TB was extracted from the stained cells. As shown in figure 2B, the number of cells grown
on gelatin and PEU/POSS matrices is similar at all three time periods tested. It is noted that
cells grown on a thin film matrix can be released from by trypsin and subcultured in a new
cell culture dish or a polymer matrix.

To examine the cell and colony morphology, TB-stained cells were analyzed under a high
magnification of a phase contract microscope. The cells and the colonies grown on gelatin
can be clearly visualized, but sharply focused images of cells and colonies could not be
obtained (Figure 3A). However, the details of cell and colony morphology were better
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visualized with SEM. A distinctive feature revealed is that the colonies grown on gelatin are
flattened with protrusions at the edge of the colonies while cells in the colonies on a PEU/
POSS matrix are round with smooth surface (Figure 3B).

ESCs express alkaline phosphatase (AP), which has been widely used as a reliable marker of
undifferentiated state of ESCs (O’Connor et al. 2008). We investigated whether the PEU/
POSS matrix affected the pluripotency of ESCs grown on a PEU/POSS matrix. As shown in
figure 4, compact colonies with different sizes grown on both gelatin and a PEU/POSS
matrix were detected by AP staining with comparable intensity (red color, AP, upper
panels). The AP stained samples were further stained with toluidine blue to show total
number of cells (TB, lower panels). Judging from the ratio of AP positive colonies (middle
panels) to the total colonies (lower panels), the number of AP positive colonies on gelatin
and on the PEU/POSS matrix is comparable, indicating the cells grown on the two matrices
are in similar undifferentiated state.

The AP staining is a sensitive but not a quantitative method for the assessment of ESC
pluripotency. Therefore, we further analyzed the expression of ESC marker genes, Oct4,
Sox2, and Nanog, three major genes that are responsible for the maintenance of ESC
pluripotency and self-renewal (Niwa et al. 1998). We quantitatively determined the
expression of Oct4, Sox2, and Nanog at the mRNA level by real-time RT-qgPCR. As shown
in figure 5, their expression levels were similar in ESCs grown on gelatin and the PEU/
POSS matrix, which is in agreement with the result determined with AP staining, indicating
that the PEU/POSS matrix does not affect ESC self-renewal capacity in comparison with
gelatin under the conditions that are optimized for ESC self-renewal.

3.3. The PEU/POSS matrix supports ESC differentiation

Undifferentiated ESCs are characterized by small cell bodies with a large nucleus and
growing in aggregates (Figure 6A, cells stained with TB). The small volume of cytoplasm
can be indirectly viewed by the cytoskeleton as a small portion between adjacent cells when
cells were stained with FITC-phalloidin for actin filaments (Figure 6B, green, the large oval
empty spaces are occupied by nuclei). The combination of these two cell staining methods
can be conveniently used to detect the morphological change during ESC differentiation.
When cultured in the absence of LIF, ESCs undergo spontaneous differentiation in the
presence of serum, characterized by the loss of colonogenecity and the change of
morphology. Although differentiated cells under this condition represent a heterogeneous
population of different types of cells, most cells are significantly larger than undifferentiated
cells and have flattened cell morphology. Cells with similar morphology often exist in a
group. Figure 6C, D, & E show a group of differentiated cells on gelatin and analyzed by
phase contrast microscopy (C, TB stained cells), fluorescence microscopy (D, FITC-
phalloidin-labeled cells), and SEM (E). The large flattened individual cells can be clearly
distinguished with defined cell-cell contacts. The cytoskeleton was detected as well-spread
actin filaments networks. Figure 6c, d, & e show cells differentiated on a PEU/POSS matrix
under the same conditions and analyzed by the same methods. Although cells could be
detected after TB staining, individual cells could not be distinguished by this method (c) but
they could be clearly identified under a fluorescence microscope by the actin staining (d)
and by SEM (e). The dramatic change in cell morphology before and after differentiation
indicates that the PEU/POSS matrices can provide an environment that supports ESC
differentiation and allows for adhesion and spreading of the differentiated cells. It is noted
that the cells differentiated on the PEU/POSS matrices were less spread in comparison with
cells differentiated on gelatin. This is likely due to the uneven surface of the PEU/POSS
matrices and/or different surface chemical properties between gelatin and the PEU/POSS
polymer.
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3.4. The PEU/POSS matrix provides an excellent interface for cell-matrix interaction

From the results shown in Figure 6c¢, it appears that differentiated cells were partly
embedded into the grooves of the polymer matrix, indicating a close cell-matrix interaction.
The matrix structure can be clearly visualized under a fluorescence microscope due to the
auto-fluorescence of PEU/POSS polymer, but the polymer can be distinguished from
fluorescent-labeled cell components when viewed with different filter sets. To examine the
cell-matrix interaction, differentiated cells were double-labeled with FITC-phalloidin for
actin-filaments (green) and DAPI for the nuclei (blue), the cell were then examined under
high magnification of a conventional fluorescence microscope. For comparison, Figure 7A
and B, shows a cell grown on the surface of gelatin-coated coverglass, which has sharply
focused actin-filament networks reflecting a well-spread morphology (A) and a crisply
defined round nuclei (B). When differentiated cells on the PEU/POSS matrix were examined
by the same methods, the nuclei were detected with different intensities and blur images (D
and F, indicated by arrows). Similarly, the actin-filaments (C&E, green) were also located at
different focal planes relative to the polymer matrix (yellowish auto fluorescence). The cells,
as judged by the position of their nuclei and orientation of actin filaments, have intimate
contact with the uneven surface of the polymer matrices.

When the samples were examined with a laser scanning confocal microscope, the overall
distribution of nuclei and their relationship with the surface of the PEU/POSS matrix can be
better demonstrated. Figure 71 & J show a reconstructed 3D image of cells differentiated on
a PEU/POSS matrix viewed from two different angles. It is apparent that the cells, judged by
the position of nuclei (blue), were tightly embedded on to the grooves of polymer matrix
(red background). These results indicated that the surface of the PEU/POSS matrix can
provided an interface that allows for cell adhesion and spreading.

4. Discussion

We have previously reported that incorporation of POSS into PEU as a building block
affects the mechanical properties, thermostability, and degradability of the polymer (Nanda
et al. 2006; Wang et al. 2009). An attractive new feature in the context of tissue engineering
is that the PEU/POSS hybrid polymer can form porous matrices. When used for cell culture,
it is this porous nature of the matrix that allows cells for better access to growth factors/
nutrients and communication through secreted signaling molecules among cells at different
locations. In this report, we characterized PEU/POSS thin matrix and investigated the
feasibility for their use in ESC-based tissue engineering.

The porosity is mainly attributed to the grooves and pores on the PEU/POSS matrix.
Although these structures are randomly distributed, the overall matrix appears rather
uniform. While the sizes of most pores are not large enough for cell invasion, together with
the grooves that are mostly interconnected, these structures can allow for effective materials
exchange. The microscopic analysis gives a direct view of surface topology and the porosity
of the thin matrix, but we recognize the fact that this method does not allow for an accurate
measurement of the matrix permeability and the degree of pore interconnectivity. These
properties are obviously important in cell culture since they can significantly affect cell
behavior. While a more rigorous characterization of the matrix will be needed in future
studies of the relationship between cell behavior and matrix properties, the current study is
focused on investigating the compatibility of the PEU/POSS matrix with ESC culture, which
is an important prerequisite for its potential application in ESC-based tissue engineering.

The mechanical properties and the architectures of synthetic biomaterials can be tailored by
manipulating their chemical compositions, however, the signals transduced by biologic
functional groups of the natural ECM is often difficult to reproduce. The lack of functional
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Figure 7. Microscopic analysis of cell-matrix interaction

A and B, ESCs differentiated on a gelatin-coated coverglass analyzed under an Olympus
fluorescence microscope (A, actin filaments labeled with FITC-phalloidin; B, the nucleus
labeled with DAPI); C-J, ESCs differentiated on the PEU/POSS matrix analyzed under an
Olympus fluorescence microscope (C & E, two representative images of actin filaments); D
& F, two representative images of the nuclei, indicated by arrows; G & H, polymers
detected by their auto-fluorescence under a FITC filter set and DAPI filter set, respectively);
| & J, ESCs differentiated on a PEU/POSS matrix analyzed with a LSM510 laser-scanning
confocal microscope under the configurations of excitation 405 nm/emission 420-480 nm to
detect nuclei (blue) and excitation 543 nm/emission 560 nm to detect auto-fluorescence of
the polymer (red). The image is a 3D projection reconstructed from a Z-stack consisting 62
sections (1.5 um/section) and viewed from two different angles. Nuclei labeled with DAPI
were shown blue and the polymer matrix is shown as red background (scale bars, A-H = 10
um, I & J =50 pym).
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