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   SECTION I: Annual Report Overall Project   

 This section describes briefly the salient aspects of the research for the 2009-10 period.  
Additional details about sub-tasks are provided in subsequent sections. 

I. Summary of Work 
As an overview, a commercially-available SLA was modified to accommodate for two fabrication 
methods: (1) the ‘top-down’ approach, which employed a process similar to the conventional 
SLA, and (2) the ‘bottoms-up’ approach, which allowed for multiple cell types and material 
compositions to be arranged in their own layers within a structure. Laser polymerization 
characteristics of PEGDA hydrogels were examined and optimized for their utilization in the 
SLA.  We have shown significant differences between myocytes extracted from atrium, ventricle 
and apex in vitro-culture.  The rate of 12 bpm observed for the ventricle is similar to rate of the 
atrium while the amplitude of 1 µm displacement of ventricle is similar to the apex.  With 
progressing time synchronizations occurs and the amplitudes of ventricle and apex increases by 
a factor of 5 while the amplitude of atrium myocytes does not change. These results suggest 
that distinguishing the source of myocytes can be crucial for bioengineering myocardium and 
cell transplantation therapies. 

We also have successfully mobilized stem cells to the peripheral blood in less than 6 hours in 
the pig model using AMD-3100 (Plerixafor) injections.  This new delivery method enables the 
slow release of an unstable protein-based therapeutic drug over a period of several days.  In 
addition, we have developed a small animal model of myocardial infarction in order to test 
materials and methods for myocardial repair prior to deployment in a large animal model.  We 
also have prepared a rigid and permeable hydrogel with poly(ethylene glycol) diacrylate 
(PEGDA) and methacrylic alginate (MA), so that the cell-encapsulated hydrogel would not only 
remain stable at the implanted site but also support cellular expression of proangiogenic factors.  

We also have demonstrated label-free imaging of cell attachment for a variety of cell types 
including panc-1, HepG2/C3 and cardiomyocytes. The instrument has the ability to monitor 
changes in cell adhesion over a 24-hour period at the level of individual cells, and to monitor the 
distinct behavior of individual cells within a population. Furthermore, we have established that  
biosensor can detect differences in the strength of attachment within individual cells and across 
different cells and to measure changes induced by exposure to drugs. We are continuing to 

We have created a microvascular stamp by incorporating microchannels with controlled 
diameter and spacing into a fibroblast-encapsulated hydrogel using a 3-D stereolithographic 
fabrication technique.  Using this stamp, we demonstrated that we can orchestrate the 
hydrogel proangiogenic factors along the circular cross-section of the microchannel and form 
the neovascular pattern equivalent to the pattern engraved into the stamp.  The result of our 
study will be an invaluable paradigm of a 3D cell encapsulation device prepared with a broad 
array of gel-forming polymers.  Specifically, the stamp created in this study will become a 
powerful tool to better understand vascular biology and also improve quality of a variety of 
clinical treatments necessitating the neovascularization.  
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pursue similar studies to optimize cardiomyocyte cell culture by changing ECM components. 
Through the use of label-free microscopy using photonic crystal biosensors, we will gain helpful 
information for defining more effective cardiomyocyte culture protocols in the future. 

II. INTRODUCTION 
The regeneration of cells and tissue after injury or trauma is critical to medical and civilian 
communities. Cardiac injuries and regenerative engineering poses specific challenges since 
cardiac myocytes, the primary cells responsible for the mechanical beating of the heart muscle, 
do not regenerate. The cardiac system poses a significantly challenging problem in tissue 
engineering due to the complex 3-dimensional mechano-actuation properties of the cardiac 
cells. A grand challenge in cardiology since early 50s is the development of an artificial heart 
that can replace a failing heart. Until today, artificial heart is used only for the temporary use 
(hrs) until a healthy donor heart is found. The latter is difficult to get, and is often rejected by the 
body after successful replacement. This very limited success in heart replacement, in spite of 
considerable effort and resources invested so far, calls for a new paradigm in the approach of 
heart replacement. This project attempts to offer such a paradigm by proposing to "grow" the 
heart or its components from the basic building blocks, namely the cells (differentiated 
cardiomyocytes) of the patient, biomaterials design, namely the hydrogel scaffolds to house the 
cells, and nanotechnology, namely the stereo-lithographically-patterned 3D substrate. New 
knowledge on cells' response to mechanical cues, and recent findings on cardiomyocyte 
functionality on mechanically tuned substrates from our labs form the basis for the project. In 
summary, stem cell differentiation in scaffolds, novel 3-D fabrication technologies, use of the 
appropriate biomaterials, integration of peptides for cardiac cell attachment and cell growth, the 
characterization of the scaffold materials and the transmembrane proteins, and cardiac cell 
mechanics are all critical elements of a comprehensive design approach proposed in this project 
for 3-D cardiac tissue engineering.  

This project offers a paradigm by proposing to "grow" the heart or its components from the 
basic building blocks, the cells (differentiated cardiomyocytes) of the patient, biomaterials 
design of the hydrogels scaffolds to house the cells, use of 3-D stereolithography for fabricating 
the hydrogel scaffolds with cardiac cells, and nanoscale mechanical and optical tools for 
characterization of cardiac cells and their interactions with the scaffolds. Our objectives are to 
integrate these multi-disciplinary efforts and develop the strategies and methodologies for novel 
designs of 3-D components of an artificial heart.  

The project overview and research thrusts for each of the co-PIs are provided in the figure 
below, and the following table enlists first year project goals:. 
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 Year 2 Project Goals 
1 Demonstrate fluorescent imaging of cardiac myocytes membranes adsorbed to the photonic 

crystal surfaces, and selective excitation of subwavelength-sized regions from the cell surface. 
2 Implement interface of nearfield scanning probe tip with a piezoelectrically controlled biosensor 

motion stage. 
3
  

Culture primary chicken embryo cardiomyocytes on variable stiffness substrates.  They will be 
mixed together with fibroblasts. 

4
. 

Develop protocol to isolate cardiomyocytes from the chicken embryos (i.e., separate from 
fibroblasts). 

5 Explore the molecular basis of mechanosensitivity in cardiomyocytes. 
6 Demonstrate improvements of caridomyogenic differentiation level/3D cellular assembly by 

modulating hydrogel properties; densities of cell adhesion epitopes, mechanical 
stiffness/degradation rates. 

7 Demonstrate fluorescent imaging of cardiac myocytes membranes adsorbed to the photonic 
crystal surfaces, and selective excitation of subwavelength-sized regions from the cell surface. 

III. BODY 
Potential Military Relevance.  Battlefield trauma resulting in a variety of injuries is of significant 
concern to our military and civilian administration. Tissue engineering or regenerative medicine 
offers viable alternatives to counter many such injuries. Our project envisages to improve the 
care of battlefield-related cardiac injuries by providing novel methods to design and fabricate 3-
D models of cardiac sub-components that would be critical in restoring the function of the heart. 
According to the report on 'Capturing the power of biomaterials for military medicine'(NRC 
Report,2004), four areas in which enhancement of biomaterials and biotechnology will have a 
major impact on acute, chronic, and rehabilitation care in military medicine are (1) wound care, 

Stem Cell Biology
(Schook)

SLA & 3-D 
Fabrication

(Bashir)

Polymer and 
Hydrogels

(Kong)

Nanoscale Optical 
Characterization
(Cunningham)

Mechano-Biology 
of Cardiac Cells

(Saif)

Micro/Nano-
Medicated 

Cardiac Tissue 
Engineering

Dr. M. Gibb,
Head of Cardiology, 

Carle Hospital 

Dr. Sherrie Clark,  
UIUC swine species 

veterinarian

Consultants
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(2) tissue engineering, (3) drug delivery, and (4) physiological sensors and diagnostics. Our 
target area of research in cardiac tissue engineering, addresses one of the critical needs for the 
care in military medicine. The ultimate goals of our research are to resolve chronic medical 
problems and ultimate rehabilitation of injured military personnel (NRC Report, 2004). Our 
approach of using a mobilized cell population also provides flexibility in obtaining human MSCs 
in the field. They could be harvested from the soldiers and banked so they would have a source 
of their own cells. This approach is much faster and safer than bone marrow derived cells. The 
scaffolds we will develop could also be loaded with drugs that would be released over time to 
allow minimizing rejection by the body. Clearly, new methods for development of engineered 
tissues will have many applications beyond cardiac tissue engineering to engineering of 
vessels, skin, and many other organs.  

IV. KEY RESEARCH ACCOMPLISHMENTS 
• Cell spreading and network formation was accomplished when a degradable polymer 

was used for the hydrogel fabrication. 
• Myoblasts were patterned using micro-contact printing and the myotube formation in 2D 

was examined. 
• Displacement tracking has been successfully used to quantify the dynamics of myocyte 

culture and to explore accurately the relationship between heart shape and myocyte 
source in-vitro. 

• Injectable hydrogel for the controlled release of protein drugs 
• Mouse model of myocardial infarction 
• Synthesize bioactive, bio-degradable methacrylic alginate (MA) and demonstrate 

hydrogel fabrication with stereo-lithographic apparatus.  
• The methacrylic alginate-PEGDA hydrogel was combined with the SLA unit to assemble 

the vascularized 3D tissue engineering scaffold, which is expected to improve the cell 
viability and activities in a 3D matrix.  

• Developed a method to characterize the permeability of hydrogel by the Magnetic 
Resonance Imaging (MRI) 

• Designed and developed a novel strategy for making a ‘living’ microvascular stamp for 
neovascularization.  

• Successfully monitored the growth and proliferation of several cell types, including Panc-
1 pancreatic cancer cells, mouse cardiomyocytes, and HepG2 hepatic carcinoma cells 

• It was shown that the biosensor can detect differences in the strength of attachment 
within individual cells and across different cells and to measure changes induced by 
exposure to drugs. 
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V. REPORTABLE OUTCOMES 
List of Publication Accepted by Peer-Reviewed Journals  

• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Three-Dimensional 
Photopatterning of Hydrogels using Stereolithography for Long-Term Cell Encapsulation, 
Lab Chip, 2010, 10, 2062 – 2070. 

• P. Zorlutuna, V. Chan, J.H. Jeong, H. Kong, R. Bashir, Long-term Viability of Cells 
Encapsulated in 3D Photopatterned Hydrogels Fabricated using Stereolithography, 
Platform presentation, BMES 2010 Annual meeting, October 6–9, 2010. 

• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Three-dimensional (3D) stereo-
lithographic technology for bio-inspired multi-cellular structures, Poster presentation, 
BMES 2010 Annual meeting, October 6–9, 2010. 

• Cha, C., Kohman, R. and Kong, H.J., Biodegradable polymer crosslinker: Independent 
control of stiffness, toughness, and nydrogel degradation rate. Advanced Functional 
Materials (2009) 19, 1-7  

• C. Cha, S. Kim, L. Cao, H.J. Kong, "Decoupled control of stiffness and permeability of 
cell-encapsulated poly(ethylene glycol) hydrogel," Biomaterials 31, 4864-4871 (2010). 
 

Conference Presentations 

• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, 3-Dimensional Bio-Fabrication for 
Live Cell Encapsulation, Platform presentation, 6th World Congress on Biomechanics, 
Singapore August 1-6, 2010. 

• American Institute for Chemical Engineering Nov. 8, 2010 National Meeting poster 
presentation: Liang, Jensen, Roy, DeVolder, Textor, Rund, Schook, Tong, Kong.  
Independent Control of Elasticity and Drug Release Rate of an Injectable Poly(ethylene 
glycol) Hydrogel for Stem Cell Mobilization.  
 

•  J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “In situ Cell 
Encapsulation into a vascularized hydrogel matrix using a SLA.” Advances in Tissue 
Regenerative Symposium at UIC, Chicago (March 2010). “Awarded honorable mention.”  
 

•  J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “Assembly of 
Vascularized Cell-Encapsulated Hydrogel Matrix using a Stereolithography.” 2010 
International Conference on Biofabrication, Philadelphia (October 2010). 
 

•  J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “Design of 
Vascularized Cell-Encapsulated Hydrogel Matrix for neovascularization.” Accepted to 
2010 Materials Research Society (MRS) Fall Meeting, Boston (November 2010).  
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List of Manuscripts in Preparation  

• Publication submitted to Biomaterials: Liang Y, Jensen TW, Roy EJ, Cha C, DeVolder 
RJ, Kohman RE, Zhang BZ, Textor KB, Rund LA, Schook LB, ong YW, Kong H.  Tuning 
the non-equilibrium state of a drug-encapsulated super stiff poly(ethylene glycol) 
hydrogel for stem and progenitor cell mobilization.  

• In Preparation for submission to Xenotransplantation: Jensen TW, Swanson DA, Rund 
LA, and Schook LB.  An anti-porcine CD34 antibody recognizes multiple isoforms of 
porcine CD34. 
 

VI. CONCLUSION 
Functional 3D tissues that are designed for individual patients using multi-cellular and material 
compositions in an automated, high-throughput device will soon be the next generation in tissue 
engineering. The combination of process-optimized rapid prototyping technologies, such as 
stereolithography, with novel biomaterials may be one possible path toward this goal. We have 
shown long term cell viability, extensive cell spreading and network formation in the hydrogels 
fabricated with SLA. The SLA is an enabling tool with excellent spatial control and full 
automation capability that can potentially be used to mimic the complex 3D hierarchy of the 
tissue microenvironment. This may have significant impact on driving the development of in vitro 
3D models toward broader applications, including those in tissue engineering, cell mechanics, 
and bio-hybrid artificial devices or multi-cellular biological machines that are capable of sensing 
and actuation. 

Three keys aspects were investigated.  First, even an apparent simple experiment such as a 
myocyte culture without any additional disturbance still contains far more information to be 
extracted than expected for something assumed to be well-known. Second: tracking the 
dynamics of myocytes of in-vitro experiments is a powerful strategy to correctly interpret results 
and to explore complex situations. The displacement myocyte gram is an easy approach with 
high accuracy, low to zero cost and maximal amount of data extraction. And finally, although the 
relationship between heart-shape and myocyte dynamics in-vitro is definitely a difficult issue, the 
new effects revealed in our investigations reveals the importance of bridging the gaps between 
full organ and cell-level mechanisms. Further investigation will have significant impact on 
applications to a large community of scientists involved in myocardium engineering and general 
heart research. 

We have continued to characterize the mobilization of stem cells in the porcine model.  The use 
of AMD3100 enables the rapid (<6 hours) mobilization of stem cells to the peripheral blood. In 
addition, the use of hydrogel carriers to deliver mobilization proteins can stabilize proteins and 
prolong their therapeutic impact in vivo. These mobilized cells have been expanded in EPC 
cultures and have been characterized for the expression of EPC markers in vitro and, for the 
first time, CD34 expression.  We have also developed a small animal model of myocardial 
infarction that will serve as a bridging technology to test materials and reagents before moving 
to a more clinically relevant large animal model.  
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It was hypothesized that a construct capable of releasing multiple proangiogenic growth factors 
along a pattern engraved into that construct, while maintaining its structural integrity at the 
implant site, would generate the desired vascular pattern.  We examined this hypothesis by 
encapsulating cells that were reported to endogenously express multiple proangiogenic growth 
factors into a rigid but permeable hydrogel of poly(ethylene glycol) (PEGDA) and methacrylic 
alginate (MA).  In this manner, the cells were stimulated to release the soluble factors in a 
sustained and responsive manner.  Furthermore, using a stereolithography fabrication unit, 
microchannels of appropriate diameter and spacing guided by Fick’s law of diffusion, were 
incorporated into the cell-encapsulating hydrogel, so the flux of growth factors through the walls 
of the microchannels would be much larger than that through other parts of the hydrogel.  The 
hydrogel permeability was evaluated by monitoring water diffusion into the hydrogel with 
magnetic resonance imaging (MRI), and the function of the microvascular stamp to control 
neovessel formation was examined by implanting it onto a chick embryo membrane (CAM).   

Using this stamp, it was demonstrated that we could orchestrate the hydrogel properties and the 
microchannel geometry to release the cell-secreted proangiogenic factors along the circular 
cross-section of the microchannel and form the neovascular pattern equivalent to the pattern 
engraved into the stamp.  Controlling the ‘bottoms-up’ emerging behavior of the neovessel 
formation via ‘directed top-down’ cues using the living microvascular stamp can be a major step 
forward in tissue engineering.  We therefore propose that the resulting microvascular stamp will 
become a powerful tool to better understand vascular biology and also improve quality of a 
variety of clinical treatments necessitating the neovascularization.   

We have demonstrated label-free imaging of cell attachment for a variety of cell types including 
panc-1, HepG2/C3 and cardiomyocytes. The instrument has the ability to monitor changes in 
cell adhesion over a 24-hour period at the level of individual cells, and to monitor the distinct 
behavior of individual cells within a population. Furthermore, we have established that he 
biosensor can detect differences in the strength of attachment within individual cells and across 
different cells and to measure changes induced by exposure to drugs. We are continuing to 
pursue similar studies to optimize cardiomyocyte cell culture by changing ECM components. 
Through the use of label-free microscopy using photonic crystal biosensors, we will gain helpful 
information for defining more effective cardiomyocyte culture protocols in the future. 
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SECTION II: Annual Report from Project Subgroups 

Research Group: Rashid Bashir 
Period Aug’09 to Aug’10 
 
I. Summary of Work 

As an overview, a commercially-available SLA was modified to accommodate for two fabrication 
methods: (1) the ‘top-down’ approach, which employs a process similar to the conventional SLA, and (2) 
the ‘bottoms-up’ approach, which allows for multiple cell types and material compositions to be 
arranged in their own layers within a structure (Figure 1). Laser polymerization characteristics of PEGDA 
hydrogels were examined and optimized for their utilization in the SLA. Complex 3D hydrogels were 
prepared from MW 700 Da and fabricated in the ‘bottoms-up’ SLA modification (Figure 2). 
 
II. INTRODUCTION 

The goals of this part of the project were to assess the mechanical properties of these laser-polymerized 
hydrogels and evaluate the viability of cells. The swelling and mechanical properties of these hydrogels 
were measured as a function of MW. Long-term viability, proliferation, and spreading of encapsulated 
NIH/3T3 cells over 14 days were evaluated in single-layer and multi-layer 3D structures prepared from 
PEGDA hydrogels with a range of MW and RGD peptide sequences. 

 

Fig. 1 (Left panel) Schematic representation of the SLA and its modification. (A) In the top-down approach, the 
layout consists of a platform immersed just below the surface of a large tank of pre-polymer solution. After the 
layer is photopolymerized, the platform is lowered a specified distance to recoat the part with a new layer. (B) In 
the bottoms-up approach, the pre-polymer solution is pipetted into the container one layer at a time from the 
bottom to the top. 

Fig. 2 (Right panel) Fabrication of complex 3D hydrogels in the SLA. (A) Characterization of the laser energy dose 
required to cure 20% PEGDA hydrogels with MW 700, 3,400, and 5,000 Da. (B) Example test of Dp and Ec 
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parameters found in (A) for MW 700 10 Da. (C and D) CAD drawings and actual images of complex 3D hydrogels 
prepared from MW 700 Da and fabricated in the bottoms-up SLA modification. All experiments used 0.5% 
photoinitiator concentration. Scale bars are 1 mm. 

III. BODY 

To demonstrate cell viability, proliferation, and spreading in biologically-relevant 3-D scaffold 
structures using stereolithography 

 Assessment of mechanical properties  

The degree of swelling and the mechanical properties of laser-polymerized PEGDA hydrogels were 
investigated as a function of MW. At the time of the study, the laser power of the SLA was about 15 mW 
and the average energy dose used to photopolymerize the gel disks was 1,600 mJ/cm2. The swelling 
ratios (Q) and elastic moduli (E) for 20% (w/v) PEGDA hydrogels with MW 700, 3,400, 5,000, and 10,000 
Da were measured and calculated from these gel disks (Figure 3). As expected, the Q increased and the 
E decreased with increasing PEG MW. The swelling ratios were also used to calculate the average pore 
size of the gel disks as a function of MW (Table 1). The elastic moduli obtained ranged from 4.73 ± 0.46 
kPa for MW 10,000 Da to 503 ± 57 kPa for MW 700 Da, which covers quite an array of native tissues 
having similar moduli. Stereomicroscopic images of PEG hydrogels after 24 hour incubation in cell 
culture medium showed an increase in swelling capacity with increasing MW (Figure 4). 

 

 

 

 

Fig. 3 (Left panel) Mechanical properties and swelling of laser-polymerized PEGDA hydrogels. The elastic moduli (E, 
left axis) and swelling ratios (Q, right axis) were measured and calculated for 20% PEGDA hydrogels as a function of 
MW (700, 3,400, 5,000, and 10,000 Da). All experiments used 0.5% photoinitiator concentration. 

Fig. 4 (Top right panel) Swelling of laser-polymerized PEGDA hydrogels as a function of MW. 20% PEGDA hydrogels 
with MW (A) 700, (B) 3,400, (C) 5,000, and (D) 10,000 Da were used to make disks with a diameter of 5 mm in the 
SLA. The gel disks were incubated in culture medium for 24 hours at 37oC before imaging in the stereomicroscope. 
The diameter of the gel disks increased as a function of increasing MW. Scale bars are 1 mm. 
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Table 1 (Bottom right panel) Calculated average pore sizes of laser-polymerized PEGDA hydrogels as a function of 
MW. The average pore sizes of 20% PEGDA hydrogels with MW 700, 3,400, 5,000, and 10,000 Da were calculated 
from values obtained by measuring the swelling ratios of gel disks with a diameter of 5 mm. The pore size 
increased as a function of increasing MW. 

Assessment of cell viability  

There were two methods for evaluating long-term cell viability in the SLA: (1) encapsulation in single-
layer 3D hydrogels (1 total layer; 1 mm thick per layer), and (2) encapsulation in multi-layer 3D 
hydrogels (10 total layers; 100 μm thick per layer). 

In the first study, NIH/3T3 cells at a density of 2.0 X 106 cells/mL were encapsulated in 20% PEGDA 
hydrogels patterned in single-layer disks with dimensions of 1 mm thickness and 5 mm diameter. These 
disks were cultured over a period of 14 days. To achieve 1 mm thickness, the average energy dose of the 
laser during polymerization was 1,000 mJ/cm2. Cell viability was quantitatively evaluated using MTS 
assays. The optical density (OD) measurements obtained from these assays on 1, 4, 7, and 14 days were 
converted to relative cell viability (%) by normalizing to 0 day.  

The effect of a low MW PEGDA hydrogel (700 Da) and a high MW PEGDA hydrogel (3,400 Da) on cell 
viability was evaluated first (Figure 5). Cells encapsulated in PEGDA hydrogels with MW 700 Da survived 
the initial processing conditions of the SLA, but died within 24 hours of culturing. By increasing the MW 
to 3,400 Da, cells survived both the processing and culturing conditions. Viability remained statistically 
constant through 4 days. Subsequently, there was a decrease in viability to 65.10 ± 9.81 % after 7 days 
and to 47.46 ± 15.39 % after 14 days. Next, adhesive RGD peptide sequences at 5 mM concentration 
were chemically linked to PEGDA hydrogels with MW 3,400 Da to test for any improvement in cell 
viability and proliferation. This resulted in a 1.6-fold increase in cell numbers after 24 hours, which was 
maintained over 7 days.  The effect of an even greater MW on cell viability was also evaluated (Figure 
7A). Cells encapsulated in PEGDA hydrogels with MW 5,000 Da followed the same trend as that of MW 
3,400 Da. The cell viability was relatively steady through 7 days, followed by a decrease in viability to 
60.00 ± 0.2 % viability after 14 days. This was an improvement over the 14 day viability of PEGDA 
hydrogels with MW 3,400 Da (47.46 ± 15.39 %). 

NIH/3T3 cells encapsulated within multi-layer PEGDA hydrogels with MW 5,000 Da were examined for 
cell spreading and attachment. Spreading, which involves the active processes of actin polymerization 
and myosin contraction, is a sign of cell viability and function. Viable cells did not spread in hydrogels 
without adhesive RGD peptide sequences. Cells in multi-layer PEGDA hydrogels with RGD-linked groups 
(5 mM) were examined in bright-field microscopy (Figures 6A and 6B) and fluorescence microscopy 
(Figures 6C and 6D) after rhodamine phalloidin (cytoskeleton) and DAPI (nuclei) staining. Cell spreading 
was clearly seen within hours of incubation and continued through 14 days. Some of these cells formed 
3D connections with other cells in different layers, suggesting network formation. 

Since cell viability in single-layer disks may not be truly representative of viability in complex 3D 
structures, the second study evaluated cells encapsulated in multi-layer 3D hydrogels over 14 days. RGD 
peptide sequences at 5 mM concentration were chemically linked to PEGDA with MW 5000 Da for this 
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study. According to Figure 7A, the cell numbers were increased 1.7-fold after 24 hours, which was 
maintained through 7 days. By the end of 14 days, 46.44 ± 19.56 % of the cells were viable. Distribution 
of cells in single-layer and multi-layer PEGDA MW 5000 Da hydrogels can be seen from stereomicroscopic 
images of hydrogels subjected to MTT staining (Figure 7B and 7C). Although there was a decrease in cell 
numbers after 14 days compared to 7 days, the distribution of the cells was homogeneous at both time 
points. 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (Top left panel) NIH/3T3 cell viability over 14 days in PEGDA hydrogels with MW 700, 3,400, and 3,400 with 
RGDS groups. OD (490 nm) values quantified by MTS assays were normalized to 0 day. All values are mean ± 
standard deviation of n = 3. (*) denotes statistical difference compared to 0 day of same MW. (&) denotes exclusion 
of data point due to uncontrolled cell proliferation at the exterior of gel disks that affected results. 

Fig. 6 (Bottom left panel) NIH/3T3 cells spreading in laser-polymerized hydrogels containing bioactive RGDS 
groups. Single and clustered cells were clearly seen spreading in patterned multi-layer PEGDA hydrogels with MW 
5,000 Da. These hydrogels were tailored with bioactive RGDS groups at a concentration of 5 mM. (A and B) Bright-
field and (C and D) fluorescence microscopy images of the cells were taken after 14 days. For fluorescence 
microscopy, cells were fixed and stained with rhodamine phalloidin (cytoskeleton) and DAPI (nuclei). Scale bars are 
20 μm. 

Fig. 7 (Right panel) NIH/3T3 cell viability over 14 days in PEGDA hydrogels with MW 5,000 with single-layer and 
multi-layer approaches. (A) OD (490 nm) values quantified with MTS assay were normalized to Day 0. All values are 
mean ± standard deviation of n = 3. (*) denotes statistical difference compared to 0 day of same approach. (^) 
denotes statistical difference compared to different approach of same day. (B) MTT staining that shows living cells 
in a patterned multi-layer PEGDA hydrogel with MW 5,000 Da after 14 days. (C) MTT staining that shows living cells 
in single-layer PEGDA hydrogel disks with MW 5,000 Da after 0, 4, 7, and 14 days. There is a noticeable difference in 
intensity after 14 days. Scale bars are 1 mm. 

Expanded NIH/3T3 fibroblast viability studies 

To make our viability studies for NIH/3T3 fibroblasts more complete, we expanded it to include PEGDA 
MW 700 and 5,000 Daltons with 5 mM RGDS. The relative cell viability trends for these two polymer 
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compositions followed our expectations. PEGDA MW 700 did not support viability even with RGDS 
because of small average pore size and lack of oxygen/nutrient diffusion. Results for PEGDA MW 5,000 
Daltons with 5 mM RGDS indicated proliferation, which was similar to the trend for PEGDA MW 3,400 
Daltons with 5 mM RGDS. 

 

Fig. 8 NIH/3T3 cell viability over 14 days in PEGDA hydrogels with MW 700, 3,400, and 5,000 ± RGDS groups. OD 
(490 nm) values quantified by MTS assays were normalized to 0 day. All values are mean ± standard deviation of n 
= 3. (*) denotes statistical difference compared to 0 day of same MW. 

C2C12 skeletal myoblast and adipose-derived stem cell viability studies 

In an effort to expand our stereo-lithographic technology beyond fibroblasts, which are generally robust 
compared to other cell types, we conducted cell viability studies for C2C12 skeletal myoblasts and 
adipose-derived stem cells. C2C12 skeletal myoblasts in PEGDA MW 3,400 Daltons showed a trend 
similar to NIH/3T3 fibroblasts, which supported viability in the hydrogels but dropped off over time. 
Surprisingly, we saw sustained viability for adipose-derived stem cells over 7 days before declining on 
the day 14. The results of these studies showed that other cell types besides fibroblasts can be 
encapsulated in the 3D stereo-lithographic process. 
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Fig. 9 C2C12 skeletal myoblasts in PEGDA MW 3,400 Daltons. OD (490 nm) values quantified by MTS assays were 
normalized to 0 day. All values are mean ± standard deviation of n = 3. 

Oxidized methacrylic alginate (OMA) 

Synthesis of oxidized methacrylic alginate was first reported in a paper by H. J. Kong (2004). In short, 
alginate was oxidized with NaIO4 to introduce a hydrolytically labile acetal-like unit, followed by the 
conjugation of 2-amino ethyl methacrylate using aqueous EDC chemistry. With the addition of PEG 
monoacrylate (PEGMA) and a photoinitiator, we can form a degradable hydrogel system. This is 
especially necessary to increase cell spreading and interaction in the gel. 

The percent of oxidized groups in the methacrylic alginate affects the degradation rate of the hydrogel. 
Using the stereolithography apparatus, we fabricated thin gels (approx. 1 mm in thickness) and 
measured their elastic modulus over time. This gives us an indication of the degradation rate (% loss) 
based on the percent of oxidized groups. 

 

Table 2 Degradation rate measurements over 14 days using 10% and 3% oxidized groups of methacrylic alginate. 
Elastic modulus, E, values were quantified by mechanical testing system to give percent loss. 

10% Oxidation 3% Oxidation

Day E (kPa) % Loss E (kPa) % Loss

1 11.86 (± 1.55) 0% 8.72 (± 0.4) 0%

4 8.05 (± 0.03) 32% 6.58 (± 0.2) 25%

7 6.83 (± 0.51) 42% 5.9 (± 0.6) 32%

14 3.81 68% 5.48 (± 0.5) 37%
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Fig. 10 Degradation rate measurements over 14 days using 10% and 3% oxidized groups of methacrylic alginate. 
Elastic modulus, E, values were quantified by mechanical testing system to give percent loss. 

The percent of oxidized groups in the methacrylic alginate also affects the viability of cells encapsulated 
within the gel. This is clearly seen in the figure below. Therefore, these factors need to be considered 
and optimized in order to develop a suitable biomaterial for cell encapsulation within the 
stereolithography apparatus. 

 

Fig. 11 Cell viability of C2C12 skeletal myoblasts in various % oxidized groups of methacrylic alginate. OD (490 nm) 
values quantified by MTS assays after 24 hours. All values are mean ± standard deviation of n = 3. 
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Fig 12 Cell viability of C2C12 skeletal myoblasts in various % oxidized groups of methacrylic alginate. OD (490 nm) 
values quantified by MTS assays for 14 days and normalized to the day 0 values. All values are mean ± standard 
deviation of n = 3. 

After switching to a degradable polymer extensive spreading of the C2C12 cells and network formation 
by these cells was observed (Figure 13). 

 

Fig 13 Fluorescent microscopy images of the C2C12s encapsulated in 6 % oxidized OMA that contains 1.6 % RGD on Day 10 of 
their culture. Red is Rhodamine Phalloidin for the actin cytoskeleton and blue is DAPI for the cell nuclei (Mag x 100).    

NIH/3T3 fibroblast viability studies in PEGDA-MA hydrogels with and without 
microchannels 

Previously, we have shown good cell viability in PEGDA-only hydrogels at or above MW 3400.  However, 
by addition of methacrylic alginate (MA), we show that we can use a lower MW for increased elasticity 
and better handling without sacrificing viability.  Figure 10C demonstrated that the fraction of viable 
NIH/3T3 cells remained similarly high with PEGDA MW 1000 (blue bars) compared to PEGDA MW 3400 
(not shown).  By using the SLA to fabricate microchannels (red bars), there is a further increase in the 
mass fraction of viable cells.  We attributed this to the increase in mass transport through the PEGDA-
MA hydrogel compared to hydrogels without microchannels. 
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Fig. 14 (A) Schematic of the encapsulation of cells and spatial organization of microchannels within the stamp was implemented 
via in situ cross-linking reaction of the polymers mixed with cells using the 3-D stereolithographic (SLA) fabrication technique; 
(B) Microchannels with diameter of 500 µm were incorporated into the hydrogel via the bottoms-up process with the SLA; (C) 
The fraction of viable NIH/3T3 cells increased by introducing microchannels into the PEGDA-MA hydrogel. 

A B

C
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2D patterning study for understanding the effect of geometry on myogenesis  

Muscle fibers form from the fusion of C2C12 muscle cells into multi-nucleated myotubes. The 
differentiation of myoblasts to myotubes is achieved by changing the cell culture medium (10 % fetal 
bovine serum (FBS)) to a low serum medium (2 % horse serum) which arrests the cells mitogen activated 
protein kinase (MAPK) pathway leading to the development of multi-nucleated myotubes. Fig. 15A 
shows some fluorescent images for the differentiation of myoblasts to myotubes which was confirmed 
by staining for the differentiation marker – MHC (green) and nuclei are shown in blue. Fig 15B shows the 
differentiation index as a function of time.  

 
Fig 15 Differentiation of C2C12 muscle cells. (A) Fluorescent images of C2C12 muscle cells as a function of time. (B) 
quantification of differentiation of muscle cells into myotubes 

In order to understand the effect of patterning on muscle differentiation, µCP printing was used to 
create protein island of different line widths. Fig. 16A shows protein island with fluorescently tagged 
BSA and its intensity profile. The intensity profile shows that there is very uniform concentration of BSA 
on each of the line widths. Cells were cultured in a similar way as in Fig. 15 and stained for MHC at 
different days on this protein island which is shown in Fig 16B.  
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Fig 16 Patterning of C2C12 muscle cells. (A) Fluorescently tagged BSA to shown the uniformity µCP 
process and the fluorescent line profile. (B) C2C12 muscle cells on the protein islands on different days.  
Scale bar = 50 µm. 

IV. KEY RESEARCH ACCOMPLISHMENTS 

• Long term cell viability of different cell types were achieved using different molecular weight 
PEG hydrogels constructed using the SLA. 

• Cell spreading and network formation was accomplished when a degradable polymer was used 
for the hydrogel fabrication. 

• Myoblasts were patterned using micro-contact printing and the myotube formation in 2D was 
examined. 

V. REPORTABLE OUTCOMES 

• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Three-Dimensional Photopatterning of 
Hydrogels using Stereolithography for Long-Term Cell Encapsulation, Lab Chip, 2010, 10, 2062 – 
2070. 

• P. Zorlutuna, V. Chan, J.H. Jeong, H. Kong, R. Bashir, Long-term Viability of Cells Encapsulated in 
3D Photopatterned Hydrogels Fabricated using Stereolithography, Platform presentation, BMES 
2010 Annual meeting, October 6–9, 2010. 
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• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Three-dimensional (3D) stereo-lithographic 
technology for bio-inspired multi-cellular structures, Poster presentation, BMES 2010 Annual 
meeting, October 6–9, 2010. 

• V. Chan, P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, 3-Dimensional Bio-Fabrication for Live Cell 
Encapsulation, Platform presentation, 6th World Congress on Biomechanics, Singapore August 
1-6, 2010. 

 

VI. CONCLUSION 

Functional 3D tissues that are designed for individual patients using multi-cellular and material 
compositions in an automated, high-throughput device will soon be the next generation in tissue 
engineering. The combination of process-optimized rapid prototyping technologies, such as 
stereolithography, with novel biomaterials may be one possible path toward this goal. We have shown 
long term cell viability, extensive cell spreading and network formation in the hydrogels fabricated with 
SLA. The SLA is an enabling tool with excellent spatial control and full automation capability that can 
potentially be used to mimic the complex 3D hierarchy of the tissue microenvironment. This may have 
significant impact on driving the development of in vitro 3D models toward broader applications, 
including those in tissue engineering, cell mechanics, and bio-hybrid artificial devices or multi-cellular 
biological machines that are capable of sensing and actuation. 
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Research Group:  Taher Saif 

Period Oct’09 to Sept.30, 2010 

I. SUMMARY OF WORK 

We have shown significant differences between myocytes extracted from atrium, ventricle and 
apex in vitro-culture.  The dynamical behavior has been observed in 4 and 6 day old myocyte 
cultures and quantification is proposed via computational displacement tracking of the beating 
cells. Our results from independent beating myocytes reveals that the ventricle myocytes 
“bridges” between atrium and apex. The rate of 12 bpm observed for the ventricle is similar to 
rate of the atrium while the amplitude of 1 µm displacement of ventricle is similar to the apex.  
With progressing time synchronizations occurs and the amplitudes of ventricle and apex 
increases by a factor of 5 while the amplitude of atrium myocytes does not change. The rate for 
all segments does not change within this 2 days interval. The increased amplitude with 
synchronization is related to the directions of contraction, also observed from a displacement 
myocyto gram (DMG) introduced in this investigation. These results suggest that distinguishing 
the source of myocytes can be crucial for bioengineering myocardium and cell transplantation 
therapies. 

II. INTRODUCTION 

Goal of this investigation:  

The goals of the Taher subgroup are addressed to the community of researchers developing 
techniques of cell and scaffold transplantation, bioengineers constructing artificial myocardium 
and to general biophysicists engaged to understand and quantify fundamental relationships 
between myocytes in-vitro and heart behavior at entire organ level. Cells are extracted from 
different segments of one heart and simply observed on the petri dish without adding any 
external disturbance to avoid the complication of extrinsic parameters. The segments 
introduced are isolated parts from atrium, ventricle and apex as done in1. The cell culture is 
observed with the microscope and movies are recorded at different positions on the petri dish. 
From the movies a detailed analysis of cell beating is conducted based on a computational 
position tracking. This displacement evaluation provides not only the beating rate but also, 
amplitude, effects of rhythm, synchronism and time evolution relationship with cellular 
dynamics.  In analogy to electro cardio gram (ECG) that displays the electrical activity at the full 
organ, a displacement myocytogram (DMG) displays the mechanical activity of the heart at the 
cellular level.  

Is there any known relationship between heart shape and myocytes in-vitro culture?  

The heart consists of different types of myocytes as they are reviewed in standard books2. Four 
decades ago, Michael M. Laks et. al1 has observed myocytes from different places of the heart 
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with distinguished cell and sarcomere length. In the abstract of his publication he clearly 
emphasized with the following words: >>… these variations on sarcomere lengths show the 
importance on specifying the site of sampling of myocardial tissue…<< At the full organ level, 
the shape of the heart is frequently brought in relationship with disease. In particular the left 
ventricle is responsible for several heart diseases and is mostly studied in recent years3-9. Since 
last decade cell transplantation10-20, scaffold injection21-31 and bioengineered myocardium 
tissues32-44 have been recognized as potential candidates for repairing heart failure.  However, 
meanwhile little attention has been given to the source of myocytes. 

What is the shape of the heart causing in scientific studies at the entire organ level?  

Pacing at the right ventricular apex adversely affects hemodynamics while pacing at the left 
ventricular septum or apex causes best function because pacing from these sites creates a 
physiological propagation of electrical conduction3. Right and left apex has been distinguished 
by increase of its surface area and relative cell alignment during heart looping45. Atrial and 
ventricle myocardium have shown different mechanism of force generation in response to 
external stretching46 and electromechanically coupling  demonstrated that increase force of 
contraction following an increase in frequency stimulation was significantly higher in atrium than 
in ventricle47.  Epicardium and endocardium of left ventricular tissues have shown the 
importance of regional structures on amplifying fiber shortening, to produce wall thickening, to 
provoke different alignment during contraction and cellular rearrangements are also different at 
the 2 sites48, 49 In obese patients increase of left ventricle mass exceeds the compensation of 
high hemodynamic load and is associated with mildly reduced left ventricular myocardial 
performance and increased left atrial force to contribute to left ventricle filling50.  

III. BODY 

1.1 Extraction of the heart and cell culture 

Cardiomyocytes were obtained from 5-day old neonatal Sprague-Dawley rats (Harlan 
Laboratories, Inc.) using an approved protocol by the Institutional Animal Care and Use 
Committee (IACUC; Protocol #08190). One heart was excised from the rat as described by AH 
Maass and M Buvoli51, 52 and placed in ice-cold HBSS buffer.  

1.2 Segments of different parts of the heart 

The two heart chambers were separated immediately after killing the rat. It was easier to cut the 
heart while it was still beating and involved by the lungs because in this way the dark color of 
the right ventricle was obvious and one can cut along the inter ventricular septum as shown in 
Figure 1b. On the other hand, if the heart was cut across the septum, each chamber is 
separated by the septum and both right and left ventricular walls can be seen in one half of the 
heart. In this investigation, only the left atrium, left ventricle and left apex were used.  

A micro digital camera was mounted inside the sterilized hood to precisely cut the segments of 
the heart. The camera, Dnt Mikroskopkamera Digimicro 2.0 Scale, had a large working distance 
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and a practical magnification of 20x. The segmentation was monitored outside the hood using a 
computer screen. The procedure above is unavoidable to cut segments of equal sizes which 
are necessary to obtain similar cell concentrations for a given volume of cell suspension at the 
end of the cell extraction. Screen monitoring is also helpful to precisely identify the apex, the 
ventricle and the atrium and to reproduce the segmentation of different hearts. The left part of 
the heart was cut in 5 pieces (Figure 1c) because only three of them (1, 3 and 5) were used to 
extract the cells while the segments 2 and 4 are waist. The exclusion of 2 and 4 were 
necessary to obtain accurate isolation of each segment without containing cells of its 
neighborhood. Compared to the segmentations discussed in12, 18, 22, 53, here is noticed that the 
healthy tissue were cut for cell extraction and cell culture of these segments is the subject of 
observation. Furthermore, in this investigation were used only hearts of female rats because 
they beat faster than male ones as shown in54, 55. Mixture of hearts from many rats was not 
taken in consideration because each heart can lead to different beating rates as it has been 
observed in preliminary experiments in this lab with the full organ (results not shown). The 
typical concentration all cell-culture was roughly 4-5 cells per 400µm2. 

1.3 Image analysis and dynamical behavior of myocytes via matlab  

In this project we introduced a displacement myocytogram (DMG). It is a two dimensional 
position tracking of the beating of one myocyte with the used of Matlab. The tracked position is 
one pixel marked at a clearly visible moving boundary, typically at the cell membrane. The 
position includes the surrounding region of that pixel, technically named correlation size. The 
correlation size is determined according to the amplitude of the displacement and depends on 
the individual properties of each dynamical event. If the selected position changes its 
coordinates in series of images extracted from a movie, one can extract the coordinates as a 
function of time, display the displacements and follow the dynamical behavior of that point. 
Figure 2 displays a validation of the method. The quality of the movie and displacement tracking 
is tested based on the oscillation of a metronome where frequency and amplitude are fixed and 
known.  

The cell beating is followed in all directions by selection of more than one position along the cell 
membrane. The complete movement is reconstructed by combining all displacement versus 
time (displacement myocytogram, “DMG”) of one myocyte in all directions of motion. The 
method above has been validated in this lab by tracking the position of an oscillating 
metronome with defined frequencies and amplitudes. Matlab has been used also in previous 
studies56-58 for image processing and demonstrated high accurate results. A future publication 
with emphasis on the methods including the validation is on preparation for submission. 

2.1-Independent dynamical behavior of myocytes (Displacement Myocytogram – DMG)  
Comparing myocytes from different segments: 
In Figure 3a-c is displayed the membrane displacement versus time of beating myocytes from 
different segments of the heart. Atrium-Ventricle: Comparing the DMG behavior between atrium 
and ventricle in terms of frequency demonstrates similar to identical rate of 12-13 beats per 
minute. However, additional to the frequency it is clearly observed an amplitude reduction in the 
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ventricle by half the amplitude of the atrium. Furthermore, the regular frequency of the atrium is 
not observable for the ventricle which displays certain arrhythmic dynamic. Ventricle-apex: 
Further comparison between ventricle and apex shows a new difference: while their amplitudes 
are similar and approaching 0.8 µm, their frequencies are different. The apex beats additional 
five times per minute. It is interesting to observe that although the number of cells counted for 
the apex is the largest, the near perfect synchronism is found in the atrium. Atrium-apex: 
Comparison between atrium and apex lead to absolutely distinguishable behavior at the cellular 
level.  

Statistical characteristics  

In the following is presented the rate of beating cells for the apex, ventricle and atrium. Five 
movies were recorded in positions about 3 mm apart from each other from a segment culture. 
The same procedure applies for the videos of the other segments. The statistic evaluation from 
the analysis of all videos and number of cells of the videos is listed below: 

 Table 1.  Statistical results for the rate of beating cells from different segments of the heart. 

 
Following the values on the table above is observed that the cells of apex beat the 
fastest while cells from ventricle and atrium do not distinguish significantly. Since the 
number of cells counted for the apex is largest, also the density of cells per unit area is 
higher in this sector. The consequence of cell density and beating rate will be discussed 
below. 
 
2.2 Collective behavior 
Two days after the experiments above, new series of movies were recorded in the same way as 
above and the resulted DMGs are displayed in Figure 4a-c. 

Amplitude: Interestingly, short time was sufficient to connect most of the cells and new scenario 
build up. The frequency did not change and the values conserved their earlier rate. About 16 
cells were observed and the graphs presented in Figure  represent typical scenarios. The 
records for the amplitude surprised with values 5 times larger than in the previous experiment 
for non-connected cells. But this increased amplitude from 1 µm to about 5 µm was found only 
for the apex and ventricle while the amplitude of the atrium slightly reduced from 2µm to about 
1.7 µm.  

Rhythm: In the previous experiment, except the atrium, myocytes from apex and ventricle were 
beating without well-defined rhythm. Here is briefly emphasized on the difference between 
intrinsic rhythm of one cell and beating in synchrony with other cells. Using a comparison 

Segment  
 

Apex Ventricle Atrium 
Number of cells  49 31 22 
Average  17.69 11.09 11.86 
Stand. Deviation 3.083 1.325 0.833 
Mean Deviation 2.071 1.073 0.706 
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between the results of these two experiments:  1) the atrium had one rhythm before and after 
cell-cell connection, basically, a cell can beat alone but with one frequency. This does not 
happen for the apex and ventricle. Both of them had more than one frequency in the prior 
experiment and the number of different frequencies only reduced in the second situation. 2) 
Although multiple myocyte are interconnected, they are not necessarily beating with the same 
frequency. For reasons of different force distribution their amplitude increased, but not due to 
intrinsic rhythym.  

Synchronism: It is definitely valid to state that two absolutely synchronized myocytes will have 
identical frequencies, but the fact that there is more than one frequency shows that there is 
more than one rhythm. In summary: synchronism does not implicate one rhythmus but surely if 
there is one rhythmus between more than one beating myocytes, they are necessarily 
synchronized. 

3.1 Limitations of standard analysis and advantages of introduced method  

The limit of human observation 

Tracking displacements via Matlab becomes a powerful tool to display unseen events because 
eyes cannot always follow every change of a movement. The effect of amplitude increase with 
synchronization is one among other examples of what can be achieved with detailed analysis. 

3.2 What DMG brings new? Is a displacement analysis really necessary? 

Physical properties of dynamical events 

The full mechanical quantities of any dynamical event are in general vectors because motion 
implicates direction and velocity. To use a scalar number to quantify the frequency of a myocyte 
is an interesting approach, however it is noticed that analysis based on the rate per minute 
alone occurs under suppression of the instantaneous velocity, direction and amplitude of 
momentum. The instantaneous velocity tells one, for example, if a cell behavior is perfectly 
cyclic along time or if the cell stops beating for a moment and beat twice in the next period. 
Following this thought, one can measure, for example, one frequency between two 
distinguishable cells moving with different dynamical behavior, such as an arrhythmic and 
another perfectly cyclic beating cell. A result like that implicates that a direct comparison 
between these two events might not be necessarily fair and would lead to wrong conclusion. In 
such situation, although the frequency would be identical, the arrhythmia of one cell could be an 
indicator of an unhealthy state. Additional to the information contained in the velocity, the 
direction of beating sometimes also changes responding either to local changes of chemical or 
mechanical stimulus. This information likewise is lost in the scalar frequency and could be 
missed for understanding local effects, such as force transduction measurement.  

3.3 Effect of heart segments 

Time evolution and aging of cell culture 
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Apparently there are important trends observed for the correlation between heart geometry at 
the cellular behavior. However, since this observation was performed at the fourth and sixth 
day, it is necessary to carefully consider the time evolution in this discussion. The fact that the 
standard and mean deviation is negligibly small as shown in Table 1, though the number of 
cells is large; it is an indicator that cell synchronization is occurring. Based on this assumption, 
the arrhythmic ventricle compared to the regular beating atrium in Figure 5a-b might have less 
to do with heart segments, and more with an effect due to higher advanced state of 
synchronism of atrium relative to the ventricle.  

Synchronization, amplitude increase and co versus contra cooperative interaction 

Geometrical effect on myocyte culture seems to increase its importance in the context of age of 
myocyte culture. The 5 times higher amplitudes observed in Figure 4 is difficult to be addressed 
to synchronism alone. They could have been synchronized even 2 days earlier as shown in 
Figure 3, nevertheless, it maximal amplitude was about 2 microns and it conserved near the 
same value 2 days later. Thus, why only the values of amplitude for apex and ventricle 
increased? These facts lead to the next question on the mechanism occurring during 
synchronization. Is synchronism an effect of heart geometry or fibroblast connection alones 
resolves the problem and would not depend on the source of cell? This question is difficult to 
answer and additional studies are needed to address this problem. 

Similarity between full organ and myocyte dynamics and clinical relevance of the present study: 

The similar behavior for near segments can be found at both cellular and full organ level, such 
as the frequency between atrium and ventricle and the amplitude between ventricle and atrium 
but no relationship found between apex and atrium. This relationship might reflect the spatial 
separation between apex and atrium and the proximity of the ventricle to each of them. The 
increase of amplitude for the apex and ventricle of the beating myocytes is another property 
with similarity at the full organ level, since the ventricle is squeezing the blood out of the 
chamber and while the atrium “helps” during inner flow. Since increase of amplitude as 
response to synchronism is a measure of contraction and dilation, this event can be reasonably 
correlated to wall thickening of ventricular walls. Wall thickening exceed values of 40% while 
shortening of individual myocytes is being reported to be 15%48, 49. If the increase of amplitude 
by a factor of 5 reported would be directly translated to wall thickening, the value would even be 
larger than the clinical. However, the in-vitro myocytes observed here are not working against 
an external pressure. Further studies in this relationship could have potential impact in 
bioengineered myocardium. Future studies of time evolution of mechanical behavior of 
myocytes from different segments of the heart in long ranged cell culture can be beneficial for 
bridging geometric effects between cellular and full organ, such as to answer why the analysis 
of left ventricle geometry different patients reveals concentric hypertrophy in about 49%, 
concentric remodeling in 24% and eccentric hypertrophy in 12% of the studied patients6. 
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IV. KEY RESEARCH ACCOMPLISHMENTS 

• Displacement tracking has been successfully used to quantify the dynamics of myocyte 
culture and to explore accurately the relationship between heart shape and myocyte 
source in-vitro. 

• The origin of myocytes makes significant differences in the dynamics of beating and 
reveals the importance of further studies to evaluate the implications on bioengineering 
myocardium. 

V. REPORTABLE OUTCOMES (papers in preparation) 

• How myocytes from different segments of the heart differs in the cell culture? A physical 
point of view.  

• Fibroblastation and synchronization: The cell coupling paradigm quantified via vector 
field analysis.  

• From tracking one beating myocyte to mapping a field of myocytes: A method for 
quantification of dynamical fields.  

VI. CONCLUSION 

Three keys messages were presented in this manuscript: First, even an apparent simple 
experiment such as a myocyte culture without any additional disturbance still contains far more 
information to be extracted than expected for something assumed to be well-known. Second: 
tracking the dynamics of myocytes of in-vitro experiments is a powerful strategy to correctly 
interpret results and to explore complex situations. The displacement myocyto gram is an easy 
approach with high accuracy, low to zero cost and maximal amount of data extraction. And 
finally, although the relationship between heart-shape and myocyte dynamics in-vitro is 
definitely a difficult issue, the new effects revealed in our investigations reveals the importance 
of bridging the gaps between full organ and cell-level mechanisms. Further investigation will 
have significant impact on applications of large community of scientists involved on myocardium 
engineering and general heart research. 
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(a)                                                                                                                                                                                                                                                                                              (b)                                                                                                                                                                                                                                       (c) 

Figure 1 (a) Image of the entire heart in HBSS at 4°C 20 min. after dissection and before segmentation. 
(b) Cut of the heart along the inter-ventricular septum, the left and right are exposed. Both atriums are 
not visible because the vascular tissues glued to the chambers. (c) Final segmentation of the left 
chamber before used for trypsin digestion and cell extraction. From left to right: atrium (5), extra tissue 
(4), ventricle (3), extra tissue (2) and apex (1). The extra tissues are not used for cell culture. 
 

 

 

 

 

(a) Metronome (b) Series of images    (c) Image analysis via matlab 

Figure 2 (a) Experimental set up to record displacements of dots oscillating with rates ranging from 40 to 
208 beats per minute (bmp) and at different amplitudes which are fixed by the height of the dots, each 
separated by approximately 1mm. (b) Series of images extracted from a movie recorded with 60 frames 
per second and metronome frequency fixed to 52 bpm. (c) Evaluation of displacements tracking Matlab. 
The amplitude of the oscillation in x-direction increases as the observed point in the metronome 
changes from bottom (p1) to top (p5), assigned with the colors black to cyan, respectively  
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(a)     (b)      (c)  

Figure3 (a-c) Displacement myocyto gram (DMG) of beating myocytes. It is the tracking of movement or 
displacement at the membrane of one cell. Each graph displays the beating at the position of the 
membrane with highest amplitude. Thus, a DMG reflects the dynamical behavior of a myocyte in vitro. 
The graphs (a) apex, (b) ventricle and (c) atrium are obtained from a 4 days old culture on petri dish. The 
myocytes in each video are beating independent of its neighborhood without any apparent mechanical 
connection. Cells on apex and ventricle have similar amplitude of approximately 1.275µm but different 
beating rate. The rate of apex is 17 bpm and of ventricle 12 bpm. On the other hand, cells on ventricle 
and atrium have the same beating rate but different amplites. The amplitude of atrium is approximately 
double the amplitude elsewhere. Consequently, no relationship can be extracted between atrium and 
apex from theses graphs. 
 
 

 

 

 

 

 

                                           (a)     (b)     (c) 

Figure 4 (a-c)(DMG) of beating myocytes from different segments after 6 days old cell culture. 
Mechanical connection between myocyte with its neighborhood is visible from each movie. It is 
remarked that physically the interaction between multiple cells might have electrochemical reason, but 
optically a displacement tracking is a mechanical observable. Compared to the individual beating of 
cells, the DMG of interacting myocytes show significant differences. In this situation, the apex and 
ventricle increased their amplitudes by about 5 times while the atrium gently reduced. Surprisingly, the 
beating rates don’t display any difference between prior and after neighborhood interactivity.  
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(a)  Cell A is relaxing while Cell B is contracting,   (b) Cell A and Cell B are contracting 
simultaneously 

Figure 5 Schematical diagram of two dynamical modus: (a) both cells are moving in the same direction 
which means one cell relax while the other contracts. ( b) both cells contracts at the same time but in 
opposite directions. 

 

 

 

 

 

 

 

(a)                                                                                                          (b) 

Figure 2 (a) Line visualization of all positions to be tracked. (b) Extension from a DMG-curve to a DMG-
color-map. Each position in steps of 10µm of the x-axis in image corresponds to a dot along the y-axis in 
image. The color corresponds to the amplitudes of beating and indicates also the direction of the 
movement. Thus, the blue color at the position y=210µm has an amplitude of roughly -3.1 µm and 
means that the membrane moves to the left (negative). At the position y=230 µm the amplitude reaches 
values of +3.0 µm and moves to the right (positive). 
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Research Group: Larry Schook 
Period Aug’09 to Aug’10 

I. Summary of Work 

We have successfully mobilized stem cells to the peripheral blood in less than 6 hours in 
the pig model using AMD-3100 (Plerixafor) injections.  In conjunction with members of the Kong 
group, we have also used high elastic modulus, in situ gelling, injectable hydrogels as a vehicle 
for the delivery of porcine GCSF in the pig stem cell model.  This new delivery method enables 
the slow release of an unstable protein-based therapeutic drug over a period of several days.  In 
addition, we have developed a small animal model of myocardial infarction in order to test 
materials and methods for myocardial repair prior to deployment in a large animal model. 

 

II. INTRODUCTION 

 The goals of the Schook subgroup are to generate protein and antibody reagents specifically 
necessary for the mobilization and characterization of porcine stem cells.  In addition, we are 
using animal models of myocardial infarction to test materials and reagents capable of reducing 
or reversing damaged cardiac tissues.  

 

III. BODY 

Stem cell mobilization in the pig (Year 1 milestone #8 and Year 2 milestone #6):  

AMD3100 stem cell mobilization: 
Experiments in stem cell mobilization 
continued with the use of an alternative 
mobilization drug, AMD-3100 (also 
Plerixafor or MOZOBIL).  This drug 
mobilizes stem cells on the order of hours, 
versus days using the cytokine GCSF 
(kinetics reported on earlier).  Multiple 
doses of the drug were tested (120, 240, 
and 480 µg/kg; Figure 1).  These 
experiments determine the kinetics of cell 
mobilization with the drug. 

 

White Blood Cell Number Increase Over Baseline After AMD-
3100 Administration
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Figure 1.  AMD-3100 mediated stem cell mobilization 
in a pig model. Time zero corrected white blood cell 
counts are shown over a period of 6 hours post-
injection. 
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In Vivo characterization of controlled release injectable hydrogels: In conjunction with the 
Kong group, an in situ gelling 
hydrogel was used to control the 
release of the stem cell mobilizing 
drug GCSF in the pig model.  This 
rapidly gelling (<3 minutes) hydrogel 
degrades quickly in culture over a 
period of several days.  These 
characteristics prompted its use as a 
slow release carrier for drug delivery 
and as a model for injectable 
hydrogels.  The hydrogel was formed 
via Michael addition reaction 
between the acrylate groups of poly 
(ethylene glycol) diacrylate (PEGDA) 
and primary and secondary amines 
of poly (ethylenimine) (PEI). 
Aqueous solutions of PEGDA and 
PEI were mixed immediately before 
injection and the hydrogel was 
formed in under 3 minutes under 
physiological conditions. The drug is 
incorporated in the PEI solution prior 
to mixing.  Hydrogel was visualized 
after injection by incorporating a dye 
in the mixture.  3mL of the two mixed components, still liquid, were injected into the shoulder of 
test animals from an unrelated trial immediately after euthanization.  Samples were collected 
approximately 10 minutes after injection.  
Representative images from four different 
injections are shown in Fig. 2.  

The ability to deliver GCSF from the 
hydrogels was then tested.  Delivery of GCSF + 
hydrogel increased WBC counts for a sustained 
period when compared to injection of GCSF 
alone (Figure 3).   

Day 4 peripheral blood was cultured in 
EBM2 media on fibronectin coated cell culture 
dishes to expand endothelial progenitor cells 
(EPCs), a potential source of revasculurizing 
cells. Cultures from GCSF + hydrogel animals 
developed cells with a typical EPC cobblestone morphology.  Both hydrogel only and daily 
GCSF injection animals developed cells with a fibroblast morphology.  Cobblestone cells from 

 

Figure 2. Representative images of in situ 
gelling hydrogel injected into the shoulder of 
approximately 40kg pigs.  Samples were 
collected 10 minutes after injection.  Hydrogel 
contained a blue dye for imaging.  Pipet tip in 
images is 5.0cm in length. 

 

White Blood Cell Counts in Response to GCSF
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Figure 3. White blood cell counts of pigs injected with 
GCSF+hydrogel (green lines) are elevated for an extended 
period of time relative to a bolus injection of GCSF without 
hydrogel (orange line).  White blood cell counts were 
monitored daily during mobilization.  “Daily Injections” 
consisted of 10µg/kg/day GCSF on day 0 to day 3.  
“Hydrogel + GCSF” consisted of 40µg/kg injected in 3mL of 
hydrogel on day 0.  “Single GCSF Injection” consisted of 
40µg/kg injected without hydrogel on day 0.  “Hydrogel 
Only” consisted of 3mL hydrogel on day 0. 
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GCSF + hydrogel animals were positive for CD34 and CD31 expression as measured by flow 
cytometry.  Expression of CD34 and CD31 is typical for EPCs.  In addition, cobblestone cells 
were positive for LDL uptake, again typical for EPCs.  Fibroblast-like cells were negative for all 
markers.  A manuscript for this work has been submitted to Biomaterials. 

Mouse myocardial infarction model: We have developed a small animal model as a 
vehicle for testing different cardiac reagents and materials prior to deployment in large animal 
models.  We received training in a mouse myocardial infarction model from Professor David 
Geenen at the University of Illinois Chicago.  Based on this training we have submitted and 
received approval for a mouse MI model from the UIUC IACUC.  We have also submitted the 
ACURO paperwork for DoD approval of the model system.  As an interim prior to final ACURO 
approval, we have tested the application of hydrogel patches to mouse hearts using mouse 
cadavers transferred from other IACUC approved protocols.   

A patch consisting of 20% PHEA prepared by members of the Kong group was placed 
on the surface of a heart in a mouse euthanized approximately 5 minutes earlier using the 
methods described in the submitted IACUC protocol (Figure 4). The patch adhered lightly by 
hydrostatic forces.  The same patch is shown on the surface of an excised heart.  Further 
testing of materials on live animals will not begin until ACURO paperwork has been approved.   

 

IV. KEY RESEARCH ACCOMPLISHMENTS 

• AMD-3100 stem cell mobilization and characterization 
• Injectable hydrogel for the controlled release of protein drugs 
• Mouse model of myocardial infarction 

 
V. REPORTABLE OUTCOMES 

• Publication submitted to Biomaterials: Liang Y, Jensen TW, Roy EJ, Cha C, DeVolder 
RJ, Kohman RE, Zhang BZ, Textor KB, Rund LA, Schook LB, ong YW, Kong H.  Tuning 

 

Figure 4. A cardiac “patch” applied to the surface of a mouse cadaver.  This model system will be 
used to test pro-angiogenic, anti-apoptotic materials and reagents following ACURO approval. 
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the non-equilibrium state of a drug-encapsulated super stiff poly(ethylene glycol) 
hydrogel for stem and progenitor cell mobilization.  

• In Preparation for submission to Xenotransplantation: Jensen TW, Swanson DA, Rund 
LA, and Schook LB.  An anti-porcine CD34 antibody recognizes multiple isoforms of 
porcine CD34. 

• American Institute for Chemical Engineering Nov. 8, 2010 National Meeting poster 
presentation: Liang, Jensen, Roy, DeVolder, Textor, Rund, Schook, Tong, Kong.  
Independent Control of Elasticity and Drug Release Rate of an Injectable Poly(ethylene 
glycol) Hydrogel for Stem Cell Mobilization.  

 

VI. CONCLUSION 

 We have continued to characterize the mobilization of stem cells in the porcine model.  The use 
of AMD3100 enables the rapid (<6 hours) mobilization of stem cells to the peripheral blood. In 
addition, the use of hydrogel carriers to deliver mobilization proteins can stabilize proteins and 
prolong their therapeutic impact in vivo. These mobilized cells have been expanded in EPC 
cultures and have been characterized for the expression of EPC markers in vitro and, for the 
first time, CD34 expression.  We have also developed a small animal model of myocardial 
infarction that will serve as a bridging technology to test materials and reagents before moving 
to a more clinically relevant large animal model.  
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Research Group: Hyunjoon Kong  
Period Aug’00 to Aug’10 

 

I. Summary of Work    
Kong’s group’s goal is to develop an advanced cell-encapsulating hydrogel which can 

support cell viability and function to recreate a cardiac muscle tissue using tissue 
engineering technology.  During the second year, Kong’s group focused on developing a 
novel strategy for constructing a new ‘living’ microvascular stamp which guides the growth of 
functional neovessels along its predefined micro-sized pattern in live tissue.  

First, Kong’s group has prepared a rigid and permeable hydrogel with poly(ethylene 
glycol) diacrylate (PEGDA) and methacrylic alginate (MA), so that the cell-encapsulated 
hydrogel would not only remain stable at the implanted site but also support cellular 
expression of proangiogenic factors.  

Second, Kong’s group created the microvascular stamp by incorporating microchannels 
with controlled diameter and spacing into a fibroblast-encapsulated hydrogel using a 3-D 
stereolithographic fabrication technique.  Using this stamp, we have demonstrated that we 
can orchestrate the hydrogel proangiogenic factors along the circular cross-section of the 
microchannel and form the neovascular pattern equivalent to the pattern engraved into the 
stamp. 

The result of our study will be an invaluable paradigm of a 3D cell encapsulation device 
prepared with a broad array of gel-forming polymers.  Specifically, the stamp created in this 
study will become a powerful tool to better understand vascular biology and also improve 
quality of a variety of clinical treatments necessitating the neovascularization.  

 

II. INTRODUCTION:  
Kong’s group’s goal is to develop a novel cell encapsulating hydrogel which can be 

readily integrated with a stereolithographic apparatus (SLA) and also presents chemical and 
mechanical properties proper to support cellular viability, growth, differentiation, growth 
factor secretion and eventually engineer the spatial organization of neovessels.  
Specifically, we had focused on achieving two sub-goals; 1) Develop methods to decouple 
the dependency of hydrogel mechanics on the swelling ratio, so we could control the gel 
stiffness without significantly altering hydrogel permeability, and 2) Develop a cell-
encapsulating vascularized bioactive hydrogel, so we could enhance the cellular viability 
and diverse activities including growth, differentiation and growth factor secretion, eventually 
engineer the spatial organization of neovessels in live tissues.   
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III. BODY:  
 

A. A rigid and permeable hydrogel matrix.  

 

Hydrogels are increasingly being used as cell encapsulation devices for both 
fundamental biology studies and cell transplantation thereapies because of their structural 
similarity to the natural extracellular matrix.  The successful use of a hydrogel greatly relies 
on an ability to control hydrogel stiffness which affects structural integrity and regulates 
cellular phenotypes. However, conventional strategies to increase the gel stiffness lead to 
decrease in the gel permeability and subsequently deteriorate the viability of cells 
encapsulated in a gel matrix.  Therefore, in this study, the elastic modulus and swelling ratio 
of the poly(ethylene glycol) diacrylate (PEGDA) hydrogel were tuned to prepare a rigid and 
permeable hydrogel, so that the cell-encapsulated hydrogel would not only remain stable at 
the implanted site but also support cellular expression of proangiogenic factors.  Increasing 
the total polymer concentration of the PEGDA hydrogel showed an increase in elastic 
modulus and a decrease in swelling ratio, which is the typical inverse relationship between 
stiffness and bulk permeability of conventional hydrogel systems (Figure 1(b)).  In contrast, 
the hydrogel consisting of PEGDA and synthetic methacrylic alginate (MA) (Figure 1(a)) 
which presents multivalent methacrylic groups and hydrophilic hydroxyl groups showed an 
increase in both elastic modulus and swelling ratio with the mass fraction of MA (Figure 
1(c)).   

 

 

 

 

Figure 1 Schematic diagram of the methacrylic alginate (MA) (a).  Increasing polymer concentration of the 
pure PEGDA hydrogel resulted in the increase of elastic modulus ( for PEGDA700 and ▲ for PEGDA1000) 
and the decrease of degree of swelling ( for PEGDA700 and ∆ for PEGDA1000) (b).  In contrast, 
increasing mass fraction of MA in the PEGDA-MA hydrogel while keeping total polymer concentration led to 
increases of both the elastic modulus ( for PEGDA700-MA and ▲ for PEGDA1000-MA) and the degree of 

swelling ( for PEGDA700-MA and ∆ for PEGDA1000-MA) (c).  
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B. Microvascular stamp for neovascularization.  

    Neovessels play a critical role in homeostasis, regeneration, and pathogenesis of tissues and 
organs, and their spatial organization is a major factor to influence the vascular function.  It has 
been proposed that an ability to control growth direction and spacing of neovessels over 
physiologically relevant length scales can provide a better understanding and controllability of 
neovessel formation.  However, a technology to accomplish this challenging goal is still lacking.  
Here, we present a microvascular stamp which releases multiple proangiogenic factors along its 
predefined micro-sized pattern to engineer the spatial organization of neovessels.   

 

B.1. Control of microchannels’ size and spacing 

    Microchannels with controlled spacing were introduced into the PEGDA-MA hydrogels with 
the goal of driving neovessel growth along its circular pattern.  We hypothesize that neovessel 
growth direction can be controlled by increasing the flux of the cell-secreted proangiogenic 
factors through the microchannel wall, so that the neovessels localize within the microchannel 
lumen (Figure 2(a)).  According to Fick’s law of diffusion, the ratio between the flux of growth 
factors through the microchannel wall of the stamp (Jm) and the flux through the bottom of the 
stamp with the same cross-sectional area as the microchannel (Jf) is equal to the ratio between 
the surface area of microchannel wall (Swall) and the cross-sectional area of the microchannel 
(Sbottom).  Hence, for a hydrogel with thickness of 200 µm, it could be predicted that the diameter 
of the microchannels should be less than 800 µm in order to make Jm larger than Jf..  Based on 
this prediction, microchannels with diameter (d) of 500 µm were fabricated in the PEGDA and 
PEGDA-MA hydrogels using the stereolithographic apparatus (SLA) (Figure 2(c)).  
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B.2. Characterization of permeability of the PEGDA and PEGDA-MA hydrogels 

        The hydrogel permeability was evaluated by monitoring water diffusion into the hydrogel 
with magnetic resonance imaging (MRI) (Figure 3).  Despite the higher stiffness of the PEGDA-
MA hydrogel compared to the PEGDA hydrogel, water diffused into the PEGDA-MA hydrogel 
more rapidly.  Further, the diffusivity (D) of water into the PEGDA-MA hydrogel as calculated 
from MRI image was significantly increased due to the presence of microchannels.  This was 
also confirmed by calculating the diffusivity which was found to be 3.14×10-8 cm2/s for PEGDA-
MA with microchannels, 2.6×10-8 cm2/s for PEGDA-MA and 1.2×10-8 cm2/s for PEGDA hydrogel.  
The MRI images showed that water diffused into the hydrogel more exclusively through 
microchannel walls and ultimately led to a faster increase in the amount of water bound to the 
gel matrix than the microchannel-free hydrogels.   

    

B.3. Patterning of functional neovessels using the microvascular stamp 

Fibroblast-encapsulated hydrogels were implanted onto chorioallantoic membrane (CAM) to 
validate whether the bulk permeability and microchannel geometry of the hydrogels affected the 
creation of neovessels formation.  Implantation of the microchannel-free PEGDA hydrogel onto 
the CAM (Figure 4(a)) stimulated inflammation within two days, most likely because of 
extravasation of the debris from the dead cells (Figure 4b-1).  This result was similar to 
inflammation stimulated by a fractured hydrogel that physically exposed the encapsulated cells 

 

 

Figure 2 (a) It was hypothesized that the flux of cell-secreted growth factors released 
through a microchannel wall of a hydrogel (Jm) should be larger than that released 
through the bottom of a gel with the same cross-sectional area as the microchannel (Jf) 
in order to control the growth pattern of neovessels. (b) A modeling based on the Fick’s 
law of diffusion suggested that Jm should be larger than Jf as the microchannel diameter 
becomes smaller than 800 µm with a hydrogel with thickness of 200 µm. (c) Following 
the model-based calculation, microchannels with diameter of 500 µm were incorporated 
into the hydrogel via the bottoms-up process with SLA.   
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to host tissue.  In contrast, the microchannel-free PEGDA-MA hydrogel minimally stimulated 
host inflammation, most likely because of its ability to increase the viability of encapsulated 
cells.  However, no specific pattern of neovessels was found with the microchannel-free 
hydrogels (Figure 4b-1 & 4b-2).  Remarkably, implantation of the PEGDA-MA hydrogel 
containing microchannels with diameter of 500 µm stimulated the growth of neovessels along its 
circular pattern.  The spacing between the circular neovessels was the same as that between 
the microchannels introduced into hydrogel (Figure 4b-3).  Such patterning of neovessels was 
not achieved with the same hydrogel loaded only with VEGF, rather than the fibroblasts.   

  

 

 

Figure 3 Water protons visualized with MRI were diffused into PEGDA-MA hydrogel (b) 
more rapidly than the pure PEGDA hydrogel (a).  Further, water protons imaged with MRI 
diffused into the PEGDA-MA hydrogel more preferably through the microchannel wall (c), 
leading to the faster water diffusion than the microchannel-free hydrogel.  Pseudo-color of 
MRI images represents the intensity of water proton (see the scale bar on the right).   
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Figure 4 (a) Images shown were captured right after the cell-hydrogel constructs were 
implanted.  Arrows in (a) represent blood vessels existed before implantation of the cell-
hydrogel construct.  (b) Images displayed represent top views of the CAM exposed to the 
cell-hydrogel construct for seven days.  The implantation of PEGDA-MA hydrogel with 
microchannels (diameter = 500 µm) uniquely resulted in neovessels grown along the 
circular pattern of microchannel in the hydrogel (b-3). In addition, the spacing between the 

            
            

             
              

 

 

               
             

         
               

      

             

 

 

 

(a) 

(b) 

a-1 a-3 

b-1 b-2 b-3 

PEGDA                          PEGDA-MA                       PEGDA-MA 
                                                                             with microchannels     

a-2 

(c) c-1 c-2 c-3 



49 

 

 

IV. KEY RESEARCH ACCOMPLISHMENTS:  
 

• Synthesize bioactive, bio-degradable methacrylic alginate (MA) and demonstrate 
hydrogel fabrication with stereo-lithographic apparatus.  

 
- Kong’s group has synthesized the methacrylic alginate (MA) and further combined 
the MA and PEG diacrylates to control the hydrogel stiffness and swelling ratio in an 
independent manner. 
- The hydrogel incorporated with MA was used as an effective cell-encapsulation 
device which enhanced the cell viability and proangiogenic growth factors secretion 
from cells.    
- The methacrylic alginate-PEGDA hydrogel was combined with the SLA unit to 
assemble the vascularized 3D tissue engineering scaffold, which is expected to 
improve the cell viability and activities in a 3D matrix.  

 
• Develop a method to characterize the permeability of hydrogel by the Magnetic 

Resonance Imaging (MRI) 
 
- Kong’s group has recently developed a method to characterize the permeability of 
hydrogel by monitoring the diffusion of water protons into the hydrogel using magnetic 
resonance imaging (MRI) and calculated the diffusivity in different geometries.   

 

• Design of ‘living’ microvascular stamp for neovascularization.  
 

- Kong’s group has developed a novel strategy for constructing a new ‘living’ 
microvascular stamp which guides the growth of functional neovessels along its 
predefined micro-sized pattern in live tissue.  

- Using the stamp, Kong’s group has demonstrated that we could orchestrate the 
hydrogel properties and the microchannel geometry to release the cell-secreted 
proangiogenic factors and form the neovascular pattern equivalent to the pattern 
engraved into the stamp.  

 

V. REPORTABLE OUTCOMES:   
 

• List of papers published in peer-reviewed Journals 
- Cha, C., Kohman, R. and Kong, H.J., Biodegradable polymer crosslinker: 

Independent control of stiffness, toughness, and nydrogel degradation rate. 
Advanced Functional Materials (2009) 19, 1-7  

- C. Cha, S. Kim, L. Cao, H.J. Kong, "Decoupled control of stiffness and 
permeability of cell-encapsulated poly(ethylene glycol) 
hydrogel," Biomaterials 31, 4864-4871 (2010). 
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• List of abstracts and presentations in related conferences  
- J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “In situ Cell 

Encapsulation into a vascularized hydrogel matrix using a SLA.” Advances in 
Tissue Regenerative Symposium at UIC, Chicago (March 2010). “Awarded 
honorable mention.”  

- J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “Assembly of 
Vascularized Cell-Encapsulated Hydrogel Matrix using a Stereolithography.” 
2010 International Conference on Biofabrication, Philadelphia (October 2010) 

- J.H. Jeong, V. Chan, C. Cha, Z. Pinar, R. Bashir, and H.J. Kong, “Design of 
Vascularized Cell-Encapsulated Hydrogel Matrix for neovascularization.” 
Accepted to 2010 Materials Research Society (MRS) Fall Meeting, Boston 
(November 2010)  

 

CONCLUSION:  

Kong’s group hypothesized that a construct capable of releasing multiple 
proangiogenic growth factors along a pattern engraved into that construct, while 
maintaining its structural integrity at the implant site, would generate the desired vascular 
pattern.  We examined this hypothesis by encapsulating cells that were reported to 
endogenously express multiple proangiogenic growth factors into a rigid but permeable 
hydrogel of poly(ethylene glycol) (PEGDA) and methacrylic alginate (MA).  In this manner, 
the cells were stimulated to release the soluble factors in a sustained and responsive 
manner.  Furthermore, using a stereolithography fabrication unit, microchannels of 
appropriate diameter and spacing guided by Fick’s law of diffusion, were incorporated into 
the cell-encapsulating hydrogel, so the flux of growth factors through the walls of the 
microchannels would be much larger than that through other parts of the hydrogel.  The 
hydrogel permeability was evaluated by monitoring water diffusion into the hydrogel with 
magnetic resonance imaging (MRI), and the function of the microvascular stamp to control 
neovessel formation was examined by implanting it onto a chick embryo membrane (CAM). 
  

Using this stamp, Kong’s group have demonstrated that we can orchestrate the 
hydrogel properties and the microchannel geometry to release the cell-secreted 
proangiogenic factors along the circular cross-section of the microchannel and form the 
neovascular pattern equivalent to the pattern engraved into the stamp.  Controlling the 
‘bottoms-up’ emerging behavior of the neovessel formation via ‘directed top-down’ cues 
using the living microvascular stamp can be a major step forward in tissue engineering.  We 
therefore propose that the resulting microvascular stamp will become a powerful tool to 
better understand vascular biology and also improve quality of a variety of clinical 
treatments necessitating the neovascularization.   
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Research Group: Brian Cunningham 
Progress Report on label free imaging of cell adhesion using photonic crystals 

We have established significant progress toward resolving changes in cell attachment using 
photonic crystal biosensors. After optimizing our instrumentation and device design, we have improved 
our image quality and the reliability of our biosensor configuration. Using this updated configuration, we 
have successfully monitored the growth and proliferation of several cell types, including Panc-1 
pancreatic cancer cells, mouse cardiomyocytes, and HepG2 hepatic carcinoma cells, among others. 
Furthermore, we have demonstrated the ability to resolve cellular responses to a range of stimuli 
including pro-apoptotic drugs and a number of ECM coatings. With continued work, we plan to increase 
the complexity and length of our studies with regard to cell attachment and proliferation using photonic 
crystal biosensors. 

 

Instrumentation 

We have made several changes to the microscope and device configuration to improve both the 
optical resolution and device sensitivity. We implemented a diode laser to reduce the appearance of 
interference fringes appearing due to partial reflection of the laser light as it is transmitted through the 
sample. The increased coherence length of the original 633nm HeNe source caused wide fluctuations of 
the intensity at angles above resonance. Figure 1 shows intensity as a function of angle curves for the 
633nm HeNe laser (left) and the newly implemented diode laser (right).  

 

Figure 1: The new diode laser generates smoother curves, allowing less problematic determination of 
the shifts in angle of minimum transmission caused by cell attachment. 

We have also altered the device configuration to allow for higher sensitivity. The devices are 
now made with a 25 nm grating depth, 360 nm period followed by a 200 nm layer of SiO2. Then TiO2 is 
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sputtered onto the SiO2 until the device resonance is approximately 30 nm below the laser wavelength. 
This configuration leads to a resonance angle between 3 and 5 degrees and peak width of 4-5 nm. 

In order to promote cell attachment to the sensor surface, coating protocols have been 
developed whereby the TiO2 layer is covered with organic molecules amenable for cell culture. Either 
poly-d-lysine or fibronectin followed by collagen are used, both of which have proven to work with the 
biosensor. With this optimization, we have been able to detect cell attachment after only one hour of 
seeding the cells on the sensor surface. 

The imaging principle is depicted in Figure 2. The left image was taken at an angle 1° below 
background resonance and is therefore similar to a regular bright field image. The image to the right was 
taken at an angle where the background is at resonance and appears dark due to the light coupling into 
the grating structure. At locations where a cell is attached the resonance angle is shifted and those areas 
therefore display a higher light intensity. The graph in the figure shows the intensity-versus-angle curves 
for a pixel on the cell and a pixel on the background demonstrating the underlying imaging principle of 
this technique. The figure on the right shows the corresponding AMT image displaying the angle shift 
per pixel with respect to the background average. The color bar denotes the values of the shift with 0 
representing the background average. Since the AMT image is created from bright field images, the 
latter ones can be used to validate this new imaging technique. By overlaying the AMT with a bright field 
image the area of the cell interacting with the substrate can be compared with the visible area and 
shape of the cell. 

 

Figure 2: Bright field images help to establish regions of interest (a-b), while the Angle of Minimum 
Transmission images display attachment data for the entire field (c-d). 

 

Apoptosis Induction in Panc-1 Pancreatic Cancer Cells 

Panc-1 cells have been used first to test the capabilities of the instrument since they are easy to 
culture on the device and adhere readily. Figure 3 shows the process of attachment of panc-1 cells over 
the course of 4 hours.  
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Figure 3: Panc-1 cells show increased AMT shift over a period of hours after being introduced to the 
biosensors and cultured at 37°C. 

 

The left column shows bright field images and the right column the corresponding label free 
images displaying the angle of minimum transmission (AMT). The color bar denotes the values of the 
AMT. Whereas the bright field images show all cells that have settled onto the surface, the AMT images 
only display those that are interacting with the substrate, i.e. have attached to the surface. When 
comparing the two image types, it can be seen that some cells are already attached after one hour 
whereas others have only settled down. After two hours the area of attachment has greatly increased. 
After four hours the cells have become more elongated and this change in cell shape is well reflected in 
the AMT images. Statistical analysis of the AMT images revealed that the cells cause a shift in AMT of 
0.17 degrees with respect to the background average. The standard deviations over the pixels on a 
single cell were between 9 and 16% of the average shift of that cell.   

In a different experiment panc-1 cells were incubated on the device for 24 hours and then 
treated with staurosporine, an apoptosis-inducing agent at 5 µg/ml. The response was analyzed by 
examining individual pixels on the cell (Figure 4). 
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Figure 4: Treatment of Panc-1 cells with staurosporine results in decreased AMT shift and pronounced 
changes in cell morphology, most notably along cell projections to the surrounding extracellular matrix. 

 

At the top of the figure the bright field images before and one hour after treatment 
demonstrate how the cell has rounded up in response to the toxin. The corresponding AMT images 
below show a similar change in shape. The pixel analyses for the marked regions (red: cell center, green: 
right arm of cell, blue: background) before and after treatment are given in the graphs below. Before 
treatment the cell center and its arm give the same shift of approximately 0.1° with respect to the 
background. One hour after treatment the cell arm has been retracted and the shift represented by the 
green curve has moved back to background values. Since the cell remains on the surface its center still 
causes a slight shift albeit smaller than before treatment indicating a weakening of attachment. This is 
evidence that once a cell or a part of a cell detaches from the sensor surface the original sensor 
conditions are restored. 
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Growth and Proliferation of HepG2/C3 Hepatic Carcinoma Cells 

As comparison to panc-1 cells human liver cancer cells of the line HepG2/C3 were plated on a 
sensor surface and process of their attachment was imaged after 1, 2, 4 and 23 hours (Figure 5). The 
following figure shows the bright field images at the top and the corresponding label free AMT images at 
the bottom. Contrary to the panc-1 one hour after seeding all cells are clearly visible on the AMT image 
and they shift the local resonance angle by 0.25 degrees on average with a standard deviations across 
four cells of 4% of the shift. The three cells forming a cluster are not resolved in the AMT image 
indicating that their areas of attachment overlap. With increasing time the cells change their shape and 
become more elongated. The cell at the top of the images changes its position and moves downward 
and to the right. The figure clearly demonstrates how the AMT images follow the observed changes in 
the bright field images lending strong proof to the concept of this imaging technique.  

The dark blue color in the cell centers seen in the AMT images, indicates that the attachment is 
the strongest here. With increasing time the area of cell attachment expands and the cells grow longer 
extensions at their perimeters. This spread out attachment makes the AMT image after 23 hours image 
look diffuse. It becomes clear that the area of the cell interacting with the substrate is substantially 
larger than the bright field images indicate.  

 

Figure 5: HepG2/C3 hepatic carcinoma cells establish strong attachment after less than an hour; 
evidence of movement and changes in intercellular associations is shown up to 23h in culture. 

 

Cardiomyocytes 

After successfully demonstrating the ability to study cell attachment with this microscope we 
used the instrument to examine the influence of strength of attachment on the beating of 
cardiomyocytes. Cardiomyocytes were isolated from rat heart and directly plated onto the sensor 
coated with fibronectin and collagen. Images were taken after one and two days (Figure 6). The cells 
started beating on the second day. Analysis of the AMT images revealed that those cells that displayed 
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significant shifts- meaning that they were well adhered to the surface- were more likely to beat than 
those weakly attached.  

 

Figure 6: The upper row shows the bright field images and the lower row the intensity-versus-angle 
curves for the pixels marked on the images.  

Summary 

We have demonstrated label-free imaging of cell attachment for a variety of cell 
types including panc-1, HepG2/C3 and cardiomyocytes. The instrument has the ability 
to monitor changes in cell adhesion over a 24-hour period at the level of individual cells, 
and to monitor the distinct behavior of individual cells within a population. Furthermore, 
we have established that he biosensor can detect differences in the strength of 
attachment within individual cells and across different cells and to measure changes 
induced by exposure to drugs. We are continuing to pursue similar studies to optimize 
cardiomyocyte cell culture by changing ECM components. Through the use of label-free 
microscopy using photonic crystal biosensors, we will gain helpful information for 
defining more effective cardiomyocyte culture protocols in the future. 
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