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Embryonic Germ 
Layer 

Cell Type 

 
Ectoderm 

 
Neurons 
Oligodendrocytes 
Astrocytes 
Epidermis 
 

Mesoderm 
 
 

Epithelial cells 
Adipocytes 
Cardiomyocytes 
Chondrocytes 
Hematopoietic (stem) 
cells 
Endothelial cells 
Osteoblasts 
Striated and Smooth- 
muscle cells 
 

Endoderm Hepatocytes 
Pancreatic-like islets 
Insulin-producing cells 
Lung cells 
 

�

 
Table 1: Differentiation of mouse embryonic stem 
cells in vitro.  
 
Pluripotent embryonic stem cells can give rise to all 
three embryonic germ layers— endoderm 
mesoderm, and ectoderm. These three germ layers 
are the embryonic source of all cells of the body.�
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Figure 1: Cell Migration vs. Increasing Adhesion.  

Cell Migration is a ubiquitous process that is of 
fundamental importance in tissue morphogenesis, 
wound healing, and tissue engineering. Different cells 
employ distinct mechanisms of migration, but each, 
requires the transfer of internal cytoskeletal forces to 
external tractional forces. These forces, exerted on the 
substratum via specific cell surface receptors and 
complimentary cell adhesion molecules, are balanced by 
cell migration and/or matrix reorganization. 
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2. Positively and Negatively Modulating the Adhesiv ity of Type I 
Collagen Via Peptide Grafting 
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High-magnification confocal microscopy was used to estimate the effects of the peptide grafting 

on collagen fiber size and density. Straight 1cm long, 500mm wide, and 100mm deep channels 

were generate in poly(dimethyl siloxane) (PDMS) (Fisher Scientific, Pittsburgh, PA) using 

standard soft lithography and were bonded to glass coverslips. The channels were filled with 

grafted or native collagen solution spiked with FITC-labeled collagen (10% v/v; Elastin 

Products), to allow for visualization of fibers. Devices were transferred to a Leica TCS SP2/MP 

confocal microscope (Leica Microsystems, Exton, PA). Images were taken at 63X with a 2X 

digital zoom at 488nm excitation with a 500- 535nm emission bandpass filter. All image frames 

underwent two line and frame averaging. Three images were taken at random in each device. 

Each image was divided into nine equal squares. The average number and diameter of fibers was 

determined in three of the nine squares with the image analysis software. The analysis was 

repeated for 3 gels in each condition, and results were compared with ANOVA (significance set 

at P < 0.05). 
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Figure 2 Confocal Micrographs of Collagen 

 Confocal micrographs of (A) native and (B) peptide-
grafted collagen (RGD-M shown). No overt differences 
were apparent in collagen gels formed following peptide-
grafting, and no significant differences were identified in 
estimates of fiber number (ANOVA, P = 0.702) or size 
(ANOVA, P = 0.538). (Bar = 10� m). 
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Figure 3  Cone Plate Rheology Results-  Native and 
Grafted Collagen 

Average storage and loss moduli (+/- standard error) 
for native and peptide-grafted collagen. The procedure 
for grafting peptides on to collagen had little effect of 
the rheological properties of the resulting fibrillar gel, 
as measured with parallel plate rheology. No 
significant differences in storage or loss moduli were 
detected across the frequency sweep (max P = 0.703) 
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Figure 4 Effects of peptide-grafting on (A) RDF 
adhesion and (B) SMC adhesion. 

Cell attachment (average +/- standard error) was 
increased on RGD-grafted gels and decreased on 
RDG-grafted gels. RDF adhesion was assayed at 3 
concentrations of RDG and RGD, and demonstrated 
a dose-response relationship (ANOVA, P<0.001). 
SMC adhesion was assayed at the medium 
concentration of grafted peptides, and also 
demonstrated a significant dependence on peptide 
grafting (ANOVA, P < 0.001). 
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Figure 5 Effects of peptide-grafting on cell mediated 
compaction of free-floating collagen gels 

 Effects of peptide-grafting on (A) RDF- and (B) SMC-mediated 
compaction of free-floating collagen gels (average degree of 
compaction +/- standard error). RDF-mediated compaction 
demonstrated a dose-response dependence on the 
concentration of grafted RGD or RDG peptide (ANOVA, P < 
0.001.) Compaction was increased in gels prepared with RGD-
grafted collagen and decreased in gels prepared with RDG-
grafted collagen. Similar significant trends were identified with 
SMCs at the medium concentration of peptide grafting 
(ANOVA, P = 0.007). 
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Figure 6 Effects of peptide-grafting on cell migration on collagen gels 

Effects of peptide grafting on (A) RDF migration in collagen gels and (B) SMC migration on collagen 
gels. Both cells demonstrated increased migration with RDG-M collagen and decreased migration with 
RGD-M collagen. The differences were statistically significant (ANOVA, P = 0.005) for RDFs migrating 
in collagen gels, but not significant (P = 0.157) for SMCs migrating on collagen gels.�

�

�



6)�

�

�

�

Figure 7 Dose-response effects of peptide grafting on the random migration coefficient 

Dose--response effects of peptide grafting on the random migration coefficient (average +/- standard error) 
for RDFs migrating on collagen gels. (A) RGD-grafted collagen; (B) RDG-grafted collagen. Cell migration 
was decreased on RGD-grafted gels compared to collagen (ANOVA, P = 0.025), but no dose-dependence 
was identified in post-hoc tests (Scheffe's test, min P = 0.99). Cell migration was significantly affected by 
RDG-grafting (ANOVA, P = 0.003). Post hoc tests revealed that migration on the RDG-L condition was 
significantly greater than RDG-H (P = 0.042) and collagen (P = 0.010), but was not distinguished from 
RDG-M (P = 0.547). The RDG-M condition was not significantly different than collagen (P = 0.119) or RGD-
H (P =0.360).�
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Figure 8 Inferred dependence of cell migration and cell-mediated compaction on the level of cell adhesion. 

For the dose-response RDF experiments, the average adhesion, migration, and compaction (after 24hrs) 
from each experimental set was normalized by the average response in the control conditions for that set.  
These normalized values were then averaged across all experiments and plotted as (migration, adhesion) 
and (compaction, adhesion) X-Y pairs (+/- standard error). At low levels of adhesion, both cell migration 
and cell-mediated gel compaction (via cell traction) are inhibited. As adhesion increases, an optimal level is 
reached for cell migration, after which the elevated adhesive forces limit the ability for cells to detach from 
the substrate, which is observed as a decrease in migration. Conversely, the elevated adhesive forces 
increase the ability for the cells to exert traction and compact the fibrillar collagen network.�
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3. Sox-1 Expression of Embryonic Stem Cells in Posi tively and 
Negatively Modulated Adhesive Collagen Gels 

3.1. Introduction 
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3.2. Methods and Materials  
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Figure 9  Embryonic Stem cell adhesion to peptide grafted 
collagen 

Sox 1 expressing embryonic stem cell adhesion increased 
above controls on collagen grafted with RGD, and decreased 
below controls on collagen grafted with RDG (ANOVA, 
P<0.001). Cell adhesion to tissue culture plastic varied 
considerably between experimental sets.  

3.3. Results 
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Figure 10 Percentage of Sox-1 related GFP expressin g embryonic stem 
cells on various substrates. 

For all conditions the number of sox1 positive cells that expressed GFP 
increased on days 2,4 and 6 and decreased on days 8 and 10.  Grafting 
bioactive and scrambled peptides significantly affected the sox-1 expression 
of cells as measured on day 4 (ANOVA .009), day 6 (ANOVA .001), day 8 
(ANOVA 0.001) and day 10 (ANOVA 0.001). On average the number of sox 1 
expressing cells were highest on the RDG grafted gels each day except for 
days 0 and 2. 
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Figure 11 FACS analysis of Sox-1 expression on Day 4. 

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on tissue culture 
plastic (blue) compared to day 4 cells cultured on tissue culture plastic in the presence of 
leukemia inhibiting factor. At its highest levels there was a 60% increase in FITC positive cells. 
Threshold for positive cells were set at base of control, indicated by M1.�
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Figure 12 FACS analysis of Sox-1 expression of stem  cells cultured on RGD Vs RDG, day 6. 

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RGD grafted collagen (pink) 
compared to stem cells cultured on RDG grafted collagen (brown).  

�

�

Figure 13 FACS analysis of Sox-1 expression of stem  cells cultured on RGD Vs native collagen, day 
6. 

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RGD grafted collagen (pink) 
compared to stem cells cultured on native collagen (green).�
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Figure 14 FACS analysis of Sox-1 expression of stem  cells cultured on Collagen Vs RDG, day 6. 

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RDG grafted collagen (brown) 
compared to stem cells cultured on native collagen (green). 

�

�

Figure 15 FACS analysis of Sox-1 expression of stem  cells cultured on various collagen substrates 

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RDG grafted collagen (brown), 
on native collagen (green), and RGD grafted collagen pink. Sox-1 expression as reported by GFP is 
inversely proportional to cell adhesion to matrix. Increasing adhesion by grafting the ubiquitous matrix 
peptide RGD increases cell adhesion and decreases sox1 expression. Alternatively, decreasing adhesion by 
grafting a scrambled version of the peptide, 'RDG' decreases cell adhesion and increases sox-1 expression 
as noted by FACS. �
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3.4. Discussion 
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4. Defining Stem Cell Niches to Direct Mouse Embryo nic Stem 
Cell Differentiation towards Neuroectoderm Lineages  

 

4.1. Introduction 
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4.2. Materials and Methods 
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Experimental Conditions 
HNK Grafted Collagen 

PSA Grafted Collagen 

HNK Control Grafted Collagen 

PSA Control Grafted Collagen 

HNK-PSA Grafted Collagen 

Native Collagen (No peptide) 

Tissue Culture Plastic 

 

Table 3 Collagen grafted conditions 
on which embryonic stem cell 
differentiation towards neural 
lineages were assayed. 

Peptide Sequence 

HNK FLHTRLFV 

PSA SSVTAWTTG 

HNK Control  TVFHRFLL 

PSA Control GTTWATVSS 

 

Table 2: Peptide Sequences and scrambled 
controls grafted onto collagen conditions.  
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Table 4 Summary of Antibodies Used to Label Germ La yers 
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Table 5 Summary of Primers Used for qPCR 

�



*"("  ������� �

*"("!"  
##����$�����#����$�����8+����������

Figure 16 qPCR results for germ layer expression on days 7 and 14 post seeding
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qPCR results for germ layer expression on days 7 and 14 post seeding 
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Germ layer-specific molecular marker expression in ES cells under the indicated conditions on day 7 or day 
14 (Brachyury: Mesoderm, Gata4: Endoderm, Nestin: Ectoderm). Expression was normalized to ungrafted 
collagen conditions for each time point. On day 7 Mesoderm and Endoderm marker expression was 
significantly down regulated in HNK-PSA grafted collagen and PSA grafted collagen conditions while Nestin, 
a Neuroectoderm marker was up regulated during the same time period. There were no significant 
differences in gata4 expression between conditions at the day 14-time point; however, brachyury expression 
was unregulated in the TCP condition.  On average Nestin expression was upregulated in the HNK, PSA 
and HNK-PSA grafted collagen conditions when compared to scrambled peptide and ungrafted control 
collagen and TCP conditions on day 14. 

�



Figure 17 Oct 4 Expression of stem cells cultured on Collagen and Tissue culture plastic 7 days 
post seeding. 

 The stem cells marker, Oct4 was used to measure the stemness of ESD3 cells 7 days following the 
withdrawal of LIF in the presence of 20% serum media.  Oct4 expression was significantly reduced 
on all collagen conditions. Dapi was used to label the nuclei,
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Oct 4 Expression of stem cells cultured on Collagen and Tissue culture plastic 7 days 

The stem cells marker, Oct4 was used to measure the stemness of ESD3 cells 7 days following the 
withdrawal of LIF in the presence of 20% serum media.  Oct4 expression was significantly reduced 
on all collagen conditions. Dapi was used to label the nuclei, Bar = 200 µm 
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Oct 4 Expression of stem cells cultured on Collagen and Tissue culture plastic 7 days 

The stem cells marker, Oct4 was used to measure the stemness of ESD3 cells 7 days following the 
withdrawal of LIF in the presence of 20% serum media.  Oct4 expression was significantly reduced 
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Figure 18 Nestin expression of stem cells cultured on collagen and grafted collagen conditions 7 days post 
seeding on gels. 

Nestin, an intermediate filamentous protein was used as a marker for Neuroectoderm differentiation of stem 
cells. Nestin expression was up regulated in the PSA and HNK-PSA conditions 7 days following a change to 
differentiation medium Nestin expression in the PSA and HNK-PSA conditions were noted in both cells that 
aggregated into clusters as well as those away from clusters.  Add different kinds of arrows and maybe a 
high mag image? Bar = 200 µm. 

�



=��

�

�

Figure 19  Nestin expression of stem cells cultured on collagen and grafted collagen conditions 14 days post 
seeding on gels. 

Day 14 Nestin Expression in ES cells cultured on listed experimental conditions. Nestin filament expression 
was present in all conditions; however, nestin expression was up-regulated on collagen grafted with HNK, 
PSA and HNK-PSA carbohydrate mimics 14 days following the withdrawal of LIF. Extensive nestin positive 
staining was noted in regions away from cell clusters in the HNK, PSA and HNK-PSA carbohydrate mimic 
conditions. (Green: Nestin, Blue: Dapi, Bar = 200 µm.) 
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Figure 20 Brachyury Expression of Stem cells cultured on peptide grafted adn native collagen gels on day 7. 

Brachyury expression of stem cells cultured on Collagen, PSA-grafted collagen and HNK-PSA grafted 
collagen. Samples were fixed and stained 7 days following the withdrawal of LIF. Brachyury expression was 
significantly reduced on carbohydrate-grafted collagen conditions. Dapi was used to label the nuclei, 
Bar = 200 µm. 
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Figure 21 Gata 4 Expression on day 7 post seeding of ES cells on substrates 

Gata-4 expression (C and D) with corresponding Dapi staining (A and B). No staining was noted in any of 
the experimental  conditions.  
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Figure 22 FoxA2 Staining for endoderm lineage cells. 

FoX A2 staining was used to verify non-staining of gata4 marker. Fox a2 was co-localized with dapi 
staining in the TCP condition where as in the collagen condition Foxa2 was present punctuated and 
perinuclear. No other condition stained positive for Foxa2 protein on day 7 
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4.4. Discussion 

Recent advances in developmental biology have demonstrated the role of carbohydrates in neural 

stem cell niches. Both Human natural killer-1 and polysialic acid are present in the developing 

CNS as well as in regions of the adult CNS that retain the ability to regenerate. Knock in and 

Knock out experiments targeting Human natural killer-1 and polysialic acid formation have 

identified their roles in spatial learning, memory formation and overall Nervous system 

development (REF). Encouraged by these finding and the concurrent development of peptide 

mimics to these otherwise complex carbohydrates we assayed the differentiation of the embryonic 

stem cells towards a Neuroectoderm lineage in collagen scaffolds with PSA and HNK mimitopes 

grafted to them.The results of this study showed preliminary evidence that both HNK and PSA 

carbohydrate mimics grafted to collagen can influence the differentiation of stem cells towards 

Neuroectoderm lineage and when used together have some synergistic effects, as indicated by 

nestin protein and gene expression 7 and 14 days after initial seeding of cells on scaffolds. We did 

not add NGF or other known chemokines or chemical reagents to the culture medium in order to 

exclude the action of the growth factor that would induce neural differentiation. However, the 

serum containing media used in these experiments may be responsible for cells differentiating 

towards other lineages.  
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It should be noted that cells cultured on TCP retained pluripotent ES cell markers 7 days into 

differentiation protocols. Oct 4 expression was not seen in any of the collagen grafted or native 
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collagen conditions at that time point. Several stem cell differentiating preferences have been 

identified in various collagen sub types that may initiate/promote specialization of stem cells. 

Collagen IV induces trophoectoderm differentiation of mouse embryonic stem cells [18]. 

Chondrogenic differentiation of human mesenchymal stem cells is promoted in collagen type I 

hydrogels[19]. In addition, the physical information such as the stiffness or the mechanical 

compliance of the collagen matrix sensed by mES cells and those on TCP are significantly 

different. Collagen based substrates provide a more realistic mimic to in vivo differentiation. 

Traditional tissue culture plastic materials offer a substrate and surface that is physiologically 

removed. 
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There are several advantages to grafting niche peptides onto scaffolds to direct differentiation of 

stem cells. It provides for the continuous presentation of a signaling molecule without the need 

for significant amounts of replenishment over time. Additionally, as more peptides and signaling 

cues are identified they can be easily incorporated within materials using similar techniques. 

Small peptide sequences derived from ECM proteins allow for a greater concentration of active 

groups on a surface compared to protein adsorption. All of which can be incorporated towards 

developing implantable biomaterials for regeneration purposes.  
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As stem cell replacement therapies slowly but surely become commonplace in treatments for 

degenerative diseases, there is an increasing need for the development of delivery materials that 

support the attachment, differentiation and proliferation of stem cells in vitro and in situ. Natural 

biomaterials inherently support proliferation and attachment of stem cells but are limited in their 

ability to direct differentiation. Masking these materials with directive bioactive cues may allow 
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for the development of biomaterial niches that offer a unique platform to study differentiation 

niches in vitro and transplant the differentiation niche in vivo.  



@)�

�

4.5. References 
 

��� 0	����.���#��2	1����	���H��!�����	������ $�	
���������
�����������
���
��
��
�������
��	��
�	
����
�������	
��	���
��
����
������������
 ��

���
		��
�����
�� �K������,��
��
�>>7��
�� C6=DJ����56)6>%77��

5�� 0	����.���L��0����	���H��!�����	������ ���
��
		�	�������
�
�����
��
�������
���	��
�	
��� �
��
����
������2#%�� �K�,�����������>>5�� ��� C;DJ�����7@=%>;��

6�� /��������K��	���(�����+������� ��
���	
������	��
�	
����
���������
�������������
� ��	��
���

���
���	����������	��	���
�
��� �,����<����8�����������>>;�� � C�DJ������6%@��

7�� 9�����K�T��	���"��!������� #
		��
�	���������	��
�	
����
�� �,����<����8�����������>>=�� � C:DJ�
���;7)%;��

:�� 9���
�����?������	���� ��
�3�5(24�1������������
�����
���	��
		����
�
���� �	
��	
��
��

���	�
��
���
		�
��
����
���� �K�,�����������>@@����� C�DJ����5�6%56��

;�� 8��+���K��	���2��(��	������� �*��
��
��������
��
���	��
		����
�
�����	
��	
��31 �����2�
#%��������

��������������������
�
�
���
�3�5(24�1� ���
����
�
	���
����������
��
�����
��
��������
�����
���
��
���
��
� �#���������	�������>@:�� �� C5DJ�����7�%:���

=�� 3�������	���,�2���	����� %��
��
�
��
��
������
�
�����������24�����4��
		��
 �
��
�

�������
�����	���	����
�����=(24�1>� �K��

�������>@��� �
� C6DJ�����)57%>��

@�� �	��������(��,	����������	���2��(��	������� 315(24�1������������
�������
���1�
��
��
��
�
�
��
����
���	��
		����
�
������	��
�
��1� �K�8�������
���>>=�� �
 C5DJ����:77%:6��

>�� 0���!�9��	���2��0	�	���	�	�� �	����
�	��������
���	���
���
		�� �,8(�8������#������#����
�	�������5));�� � C7DJ����7�:%56��

�)�� (�
��%�	�����2������	���� ��
��
�
���
���������
��
�
��
�
�������
�3�5(24�1�� ����������
�

�
���
� �K�8�������
��5))5�� 
� C;DJ�����6@)%@��

���� (�
�
	��<������	���� #����������
��
�
���������
������
���	��
���
������ 
���
�
��
��	�
�
��
��
��
�� �3���8�������5));�� �� C7DJ����76)%=��

�5�� 2��	��	��3������	���� )�	��
�	
����
���	����
�
�
���������
���
	
���
���� ��������
���	�
�
���
������
���
�
��
��	��
��
�
�8����
���
�
� ���	����5))>��

�6�� 2���������"�3������	���� )��
�
�
	������2
���
�
	������	��
���#
		�%��
�
��� ������
���
#�		��
��6
��)
��
�
������
��� ��������4���.	���3��5))>��

�7�� K	�	�	
	���3���2�A��0	�
�����	���,�2��!����� /����
�������
�
�
*��
��
���
������
�
�������
�����
�����
��� �2��	��4����5)))�� 
 C6DJ����56>%:���



@��

�

�:�� .	�	����	
	��8������	���� %��
�
���	�
�����
�-
�
�
������
����
���
�����
���
 ��
������
��
��
���
		����	���
�������		��
���
	�� �(��
�,������5))@�� 
� C5DJ����7=7%@7��

�;�� (�	��������3������	���� %������
�
��
�
���		
��
������
*�
�
�
���		����	
�� �
����
�
�������
)�	��
���
�#��
��$
���
���9����
���
���������
�
��� �����
�����������
� ��2,�
"���
�����5))@�� � J����;66��

�=�� ����������	��.������	���� ,
	
��
��������	���	�����.7��
�	
����
���
�����
��� �������������
����
��
��
�
�	
�������������	��
�������

���
����
 �
��� �K������,��
��5))7�� 
�� C5>DJ����
6)=)=%�7��

�@�� (����+�%A	��	����9������	���� #�		��
���6�
����
��������
����
����
��
�
��
��
��� �������
�

������
����
���
		�� �(��
�,������5))=�� 
� C;DJ�����:5>%6@��

�>�� 8�����H������	���� #�������
�
���
��
�
��
��
�������������
�
������	�� �
���
		��
��
��		��
�����
���������
	�� �K����
���2	����!���3��5))=�� 
� C6DJ����;5;%6:��

�

�



@5�

�

��� ����-�

5. Conclusion and Future Applications 
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Figure 23 Microfluidic manipulations
collagen scaffolds 

(A) Microfluidic device filled with a blue dye showing the generation of a gradient 
across the end of the device
croslinking (red) within the same microfluidic device. (C and D) Schematic and a 4X 
image image of neurites form a dorsal root ganglion growing into the cross channel 
of a microfluidic device patterned with 
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Microfluidic manipulations  of spatial gradients of peptides in 

(A) Microfluidic device filled with a blue dye showing the generation of a gradient 
across the end of the device. (B) Spatial patterning of peptides (green) and 
croslinking (red) within the same microfluidic device. (C and D) Schematic and a 4X 
image image of neurites form a dorsal root ganglion growing into the cross channel 
of a microfluidic device patterned with a gradient of adhesive peptides.  
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As stem cell replacement therapies slowly but surely become commonplace in treatments for 

degenerative diseases, there is an increasing need for the development of delivery materials that 

support the attachment, differentiation and proliferation of stem cells in vitro and i

biomaterials inherently support proliferation and attachment of stem cells but are limited in their 

ability to direct differentiation. Masking these materials with directive bioactive cues may allow 

for the development of biomaterial niches

niches in vitro and transplant the differentiation niche in vivo.
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cement therapies slowly but surely become commonplace in treatments for 

degenerative diseases, there is an increasing need for the development of delivery materials that 

support the attachment, differentiation and proliferation of stem cells in vitro and i

biomaterials inherently support proliferation and attachment of stem cells but are limited in their 

ability to direct differentiation. Masking these materials with directive bioactive cues may allow 

biomaterial niches that offer a unique platform to study differentiation 

niches in vitro and transplant the differentiation niche in vivo. 
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cement therapies slowly but surely become commonplace in treatments for 

degenerative diseases, there is an increasing need for the development of delivery materials that 

support the attachment, differentiation and proliferation of stem cells in vitro and in situ. Natural 

biomaterials inherently support proliferation and attachment of stem cells but are limited in their 

ability to direct differentiation. Masking these materials with directive bioactive cues may allow 

that offer a unique platform to study differentiation 
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