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Abstract 

 

Rapid Generation of 3D Microchannels Using a Multiphoton Laser System in 

Blended Hydrogels to Serve as Templates for Microvascular Generation 

By 

Stephanie Renée Burtch 

Advisor: Dr. Chris Bashur 

 

Lack of scaffold microvascularization is one of the biggest problems facing graft 

survival and success within current tissue engineering applications. Fortunately, 

techniques aiming to form microchannels within three-dimensional scaffolds have 

shown promise in providing templates for tube-like cell formations. Unfortunately, 

many current patterning approaches are limited in the types of materials the 

technique can be applied to and lack the ability to form capillary-sized (<10 

microns in diameter) networks. In this study, a multiphoton laser was used to create 

channels down to the micron level within an optically-clear hydrogel scaffold. 

Different percentages of poly (ethylene glycol) diacryate (PEGDA) and collagen 

were used to create different blends of hydrogels at 0%, 1%, 2%, and 3% 

collagen/PEGDA (w/w). Mechanical and transmittance testing were performed on 

all blends in order to determine which had optimal mechanical strength and optical 

clarity for laser subtractive printing. Swelling and degradation were measured to 
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confirm the scaffolds served the tissue engineering requirement of eventual 

degradation. All gels with PEGDA incorporation showed an increase in mechanical 

stability and transparency when compared to pure collagen gels. Hydrogel blends 

showed resistance to degradation in phosphate-buffered saline, but appeared to 

exhibit collagen degradation in collagenase, although no statistical significance was 

seen. Cell viability tests within the hydrogels showed viability in cell-seeded 

hydrogels when compared to dead controls, although cells lacked some markers of 

healthy cells, such as spreading. In conclusion, results show that hydrogel blends 

provide a good matrix for subtractive optical micropatterning approaches, although 

other types of hydrogels may improve cell spreading and other cell responses.  

 

  



v 
 

Table of Contents 

Abstract ................................................................................................................... iii 

List of Figures ........................................................................................................ vii 

Acknowledgement .................................................................................................... x 

Attribution .............................................................................................................. xi 

Chapter 1: Introduction .......................................................................................... 1 

1.1 Introduction ...................................................................................................... 1 

1.2 Microvascular Clinical Need ............................................................................ 2 

1.2.1 Importance and Structure of the Vascular System ..................................... 3 

1.2.2 Importance of Capillaries in Skin .............................................................. 4 

1.3 Vasculogenesis and Angiogenesis Promoters .................................................. 5 

1.3.1 Soluble Growth Factors for Microvasculature ........................................... 5 

1.3.2 Mechanical Factors .................................................................................... 6 

1.4 Current Approaches to Microvascular Guidance Channels ............................. 7 

1.4.1 Template Techniques ................................................................................. 8 

1.4.2 Soft Lithography ...................................................................................... 10 

1.4.3 Traditional 3D Bioprinting ...................................................................... 11 

1.4.4 Subtractive Channel Generation with Multiphoton Lasers...................... 11 

1.5 Inflammatory and Healing Response to Biomaterials .................................... 13 

1.6 Choice of Materials and Fabrication .............................................................. 14 

1.6.1 Hydrogels in Tissue Engineering ............................................................. 15 

1.6.2 Types of Hydrogels .................................................................................. 15 

1.6.3 Formation of Collagen/PEGDA Blended Hydrogels............................... 17 

1.6.4 Perfusion Bioreactor ................................................................................ 19 

1.7 Experimental Design ...................................................................................... 19 

Chapter 2: Materials and Methods ...................................................................... 21 

2.1 Materials ......................................................................................................... 21 

2.2 Hydrogel Production and Preliminary Tests .................................................. 21 



vi 
 

2.2.1 Producing Hydrogels from Collagen and PEG ........................................ 21 

2.2.2 Transmittance of Hydrogels..................................................................... 22 

2.2.3 Mechanical Testing of Gels in Compression ........................................... 23 

2.2.4 Swelling and Degradation Testing ........................................................... 24 

2.3 3D Cell Culture in Hydrogels ......................................................................... 25 

2.4 Incorporation of Channels into Gels .............................................................. 26 

2.5 Immunofluorescent Staining and Imaging ..................................................... 26 

2.5.1 Pre-Stain Imaging .................................................................................... 26 

2.5.2 Live/Dead Assay ...................................................................................... 27 

2.5.3 Actin and Nuclear Staining ...................................................................... 27 

2.6 Statistics .......................................................................................................... 28 

Chapter 3: Results and Discussion ....................................................................... 29 

3.1 Hydrogel Characterization ............................................................................. 29 

3.1.1 Transmittance........................................................................................... 29 

3.1.2 Mechanical Properties.............................................................................. 32 

3.1.3 Swelling Tests .......................................................................................... 34 

3.1.4 Degradation Tests .................................................................................... 38 

3.2 Channel and Hydrogel Imaging...................................................................... 43 

3.2.1 Channel Characterization ......................................................................... 43 

3.2.2 Cell Viability Testing............................................................................... 46 

Chapter 4: Conclusions and Future Work .......................................................... 53 

4.1 Conclusions .................................................................................................... 53 

4.2 Future Work ................................................................................................... 54 

 

  



vii 
 

List of Figures 

 

Figure 1.    Cross-sectional view of capillary. Native capillary is comprised of 

endothelial cells, contractile pericytes, and basement membrane.    Image from  

[17] ............................................................................................................................. 4 

 

Figure 2. Comparison between single photon and multiphoton excitation. A) 

Single photon ablates multiple layers of material. B) Multiphoton absorption occurs 

solely at the focal point of the laser beam. ............................................................... 12 

 

Figure 3. The structure of poly(ethylene) diacrylate (PEGDA) and Irgacure 2959.

 .................................................................................................................................. 18 

 

Figure 4. Transmittance Spectra of PEGDA/Collagen Blend gels compared to pure 

PEGDA, and pure collagen gels. Gels with PEGDA incorporation have a 

noticeably higher transmittance across the entire spectra measured. p<0.05 for 

100% collagen compared to each gel type at 350-750 nm, in increments of 10 nm.

 .................................................................................................................................. 30 

 

Figure 5. Compression data at point of fracture. n=6 for in group in each test. A) 

Percent compression for each group; B) Compressive stress for each group. p<0.05 

0%-2% collagen; C) Secant modulus at 20% strain for each group. ....................... 34 

 

Figure 6. Swelling ratio of ethanol-soaked gels after one day of soaking in PBS. 

p<0.05 for pure PEG gels compared to 2% collagen gels. ...................................... 35 

 

Figure 7. Graphs showing the comparison of A) ethanol soaked hydrogels 

compared to B) immediately lyophilized hydrogels. Gels not soaked in ethanol 

showed less structural stability in PBS than those soaked for 24 hours. Gels with 

higher percentages of collagen show more structural stability. ............................... 37 

 

 

 

 

 



viii 
 

Figure 8. Weekly swelling ratio of PEG/collagen blends.  Statistical significance 

(p<0.05) was observed between pure PEGDA samples and 2% collagen samples 

(p<0.01). Statistical significance represented by: ** (p<0.01) from same hydrogel 

condition at week 1, * (p<0.05) from same hydrogel condition at week 1, ~~ 

(p<0.01) from same hydrogel condition at week 2, ~ (p<0.05) from same hydrogel 

condition at week 2, and # (p<0.05) from 0% collagen gels at week 2. .................. 40 

 

Figure 9. Change in lyophilized gel weight over time. Only statistical significance 

(p<0.01) seen between week 2 and week 6 at 2% collagen. .................................... 41 

 

Figure 10. Degradation of PEGDA/Collagen blend gels in 180 u/ml collagenase 

type II solution. Graph shows that degradation increases as time and collagen 

incorporation into gels increases. (n=5) ................................................................... 42 

 

Figure 11. Representative images of characteristics observed in hydrogels with 

channels cut from a multiphoton laser. Images C and D are undesirable qualities 

that have been corrected by adjusting the process. All are 10x, phase contrast unless 

otherwise noted. A) Image of gel showing clear and distinct channels. B) Image of 

clear channels  (Brightfield, 10x). C) Image showing significant presence of 

bubbles, both within channels and gel (Brightfield, 10x). D) Charring and burned 

gel damage (Brightfield, 10x). E) Gel showing multiple areas of channel narrowing 

and collapse. ............................................................................................................. 45 

 

Figure 12. Representative images of cells located in the center of the cultured gels 

for all collagen compositions. A) 0%, B) 1%, C) 2%, and D) 3% collagen. ........... 46 

 

Figure 13. Comparison of A) live control, B) dead control, and C) test gels with 

live/dead assay ......................................................................................................... 48 

 

Figure 14. Figure showing organization of tests on cell viability to determine 

which conditions produce viable cells. References made are to Fig. 15.................. 48 

 

Figure 15. A) Cells seeded within 25% collagen gel (3D). B) Cells seeded on 

surface of 25% collagen gel. C) Cells on culture plate treated with Irgacure 2959 

but no UV exposure. D) Cells on culture plate treated with UV light. E) Cells on 

culture plate without Irgacure2959 or UV light exposure. ...................................... 49 

 

 



ix 
 

Figure 16.   Pictures of cell-cultured A) 0% collagen, B) 1% collagen, C) 2% 

collagen, and D) 3% collagen gels presented next to the phase contrast images of 

their channels (a-d).   Images B and C were dyed at same concentrations while A 

and D had the same concentrations while A and D had the same concentration.   

(n=1) ......................................................................................................................... 51 

  



x 
 

Acknowledgement 

 

I would like to sincerely thank my advisor Dr. Chris Bashur for giving me 

the opportunity to work in his lab. He provided a substantial amount of time 

guiding me in my research and accommodating my busy work schedule. With his 

patience and commitment over this past year, I learned more in the way of critical 

thinking, writing, and laboratory research than I had in all my previous years 

working towards higher education. 

Special thanks to Dr. Ty Olmstead for proposing this new application for 

the technology and for taking the time to help us understand how it works. 

Mozghan Shojaee and Kenyatta Washington were PhD students in our lab 

that were always willing to help when I couldn’t figure out where to find supplies 

or how to use lab equipment. They were always willing to run to 7-Eleven with me 

and I truly feel like they became my family during the months I was going through 

a difficult time. 

Finally, thank you to Ronald Allado for his help on the bioreactor and 

Jennifer Saluck for helping me complete so much this final summer. Without their 

willingness to learn and help me out with my project graduation this summer would 

have been unobtainable.  



xi 
 

Attribution 

 

Several committee members and colleagues aided in the research and 

writing of this thesis. A brief description of their background and their 

contributions are included below.  

 Chris A. Bashur - Ph.D. (Department of Biomedical Engineering/ Florida 

Institute of Technology) is the primary Advisor and Committee Chair. He provided 

extensive guidance for the research and guided me with writing of this document. 

 Lisa K. Moore – Ph.D (Department of Biology/Florida Institute of 

Technology) is a committee member who aided in reviewing this document. 

 Vipuil Kishore – Ph.D (Department of Chemical Engineering/Florida 

Institute of Technology) is a committee member who also provided direction and 

use of his laboratory. 

 Ty Olmstead – Ph.D. (Adjunct Professor in Department of Electrical 

Engineering/Florida Institute of Technology) provided the idea and access to novel 

technology outlined in this study. 

 Ronald D. Allado – (Undergraduate/Florida Institute of Technology) 

provided help in designing and developing the bioreactor. 

 Jennifer Saluck – (Undergraduate/Rice University) assisted in cell culture 

and mechanical testing of hydrogels during the summer of 2016.



1 
 

Chapter 1: Introduction 

1.1 Introduction 

The overall goal of this research was to develop three-dimensional scaffolds in 

the form of hydrogels to serve as templates for microvasculature generation in 

tissue-engineered grafts. Capillary networks, a component of microvasculature, are 

important for the transport of nutrients and removal of waste from surrounding 

tissues.  Unfortunately vascular in-growth is usually limited to several tenths of a 

micrometer per day [1]. This length of time without nutrients can cause rejection of 

the graft. Thus, there is a need for tissue-engineered microvasculature. The method 

we are developing allows for rapid micropatterning within 3D scaffolds with 

minimal graft destruction.  After multiphoton laser photodisruption of the gel’s 

microchannels, cells can be perfused into the scaffold to create tubular channels of 

cells, mimicking capillary tissue. Existing microfabrication strategies for capillary-

shaped channels in hydrogels include template techniques, soft lithography and 

layered fabrication methods (such as 3D printing) [2–4]. Optical methods (such as 

2D laser drilling and 3D layered approach microfabrication) show advantages over 

methods such as template techniques in terms of fine resolution [4–6]. Although 

two-dimensional patterning techniques have been helpful in guiding cellular 

migration, many tissues require a 3D patterning approach in order to properly take 

into account the 3D environment of cells [7,8]. The technique we are using to 
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generate our channels, laser photodisruption, allows for production of channels 

down to the 5 micron level in any largely transparent (specifically in the infrared 

range), structurally-stable hydrogel. The intention of this step of the project was to 

show that this novel microfabrication strategy was capable of producing smooth 

channels in blended hydrogel scaffolds seeded with mouse fibroblasts. 

 

1.2 Microvascular Clinical Need 

 One of tissue engineering’s current biggest challenges involves diffusion of 

nutrients from blood vessels into the graft. In order to ensure survival, millimeter-

sized grafts require perfusion with blood within 3-4 days of implantation in order to 

obtain the required nutrients [9]. In native tissues, most cells are found no more 

than 100-200 μm from the nearest capillary due to the limitation that cells outside 

this range show decreased cell viability [10,11]. This is due to reduced removal of 

waste products and lower diffusion of oxygen and nutrients necessary to support 

and maintain viable tissue [10]. After implantation of a tissue-engineering 

construct, vascular ingrowth is usually limited to several tenths of a micrometer per 

day, indicating that sufficient vascularization of an implant may take several weeks 

[12]. Due to these limitations, it is critical that implanted tissues greater than a few 

micrometers thick be prevascularized or have channels to guide quick 

vascularization [13].  
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1.2.1 Importance and Structure of the Vascular System 

The basic function of the vascular system is to circulate nutrients and 

remove wastes from surrounding tissues [14,15]. Although other blood vessel types 

(arteries and veins) have three distinct layers surrounding the central lumen, 

capillaries lack the outer layers responsible for providing structure [15]. Instead, 

they only consist of endothelial and perivascular cells [14]. Pericytes are contractile 

cells that cover the exterior basement membrane and are responsible for providing 

structural support and paracrine signals to capillaries (Fig. 1) [16,17]. Many 

problems arise if a healthy capillary structure is not provided in the graft, indicating 

the mere quantity of vascular networks does not eradicate the need for quality. For 

example, tumor cells show a higher vascular density; however, the associated 

endothelial cells have wide fenestrations, irregular vascular alignment, lack of a 

smooth muscle layer, wide lumen, and impaired receptors [18–20]. This leads to 

irregular and inconsistent blood flow [19]. Creating normal microvascular structure 

for nutrient exchange is essential in hypoxic environments.  The lack of oxygen 

availability to tissue-engineered skin grafts is a current problem many tissue 

engineers are attempting to solve by developing new ways to mimic 

microvasculature. 
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Figure 1. Cross-sectional view of capillary. Native capillary is comprised of 

endothelial cells, contractile pericytes, and basement membrane.  Image from [17]. 

 

1.2.2 Importance of Capillaries in Skin 

 Skin grafts are one type of tissue-engineered application that have shown 

failure when grafts receive inadequate nutrient supply. Tissue-engineered skin 

substitutes are important for the treatment of burn victims or other patients needing 

surgeries involving extensive skin removal. Unfortunately, some of these studies 

show unfavorable results due to insufficient vascularization in the dermal layer of 

the skin [21–23]. When this layer is not properly vascularized, the superficial 

epidermis suffers because it depends on the diffusion of nutrients from the 

vascularized dermis. If the wound bed is deficient in oxygen, the skin graft will fail 

completely. Although some therapies, such as hyperbaric oxygen therapy (HBO2) 

can be performed to increase the availability of oxygen for wound healing and thus 

increase survival of the graft, treatment can be costly (up to $350 a session) and is 

required for up to thirty days [24]. 

http://www.mdpi.com/cells/cells-02-00621/article_deploy/html/images/cells-02-00621-g001.png
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1.3 Vasculogenesis and Angiogenesis Promoters 

Angiogenesis and vasculogenesis are mechanisms in which formation of new 

blood vessels occurs; however, they have distinct differences. Whereas 

angiogenesis describes the process in which new blood vessels are formed from 

pre-exiting ones, vasculogenesis occurs when blood vessels are formed where there 

are no existing vessels [25]. Both mechanisms can be initiated and regulated with 

mechanical stimulation and soluble growth factors. 

 

1.3.1 Soluble Growth Factors for Microvasculature 

Various types of growth factors, such as vascular endothelial growth factor 

(VEGF), basic fibroblast growth factor (bFGF), and transforming growth factor 

beta (TGF-β) are involved in the stimulation of angiogenesis. Some growth factors, 

such as VEGF, are considered essential mediators of angiogenesis, despite having 

various other non-angiogenic specific functions [26].  Due to these findings, VEGF 

has been seeded onto 3D printed scaffolds and used to address hypoxic conditions 

in bone [27]. VEGF is a signaling protein that is part of the signal transduction 

cascade that restores oxygen supply to tissues receiving inadequate blood supply.  

Activation of the signaling cascade in endothelial cells via a tyrosine kinase 

pathway stimulates the production of additional factors that affect vessel 
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permeability, proliferation, migration, and differentiation[28]. When VEGF is used 

in conjunction with bFGF, endothelial cell migration is induced, causing the 

formation of tube-like structures [29–31].  Unfortunately, when VEGF was used in 

clinical trials to promote neovascularization in the infarcted heart no therapeutic 

effects were observed [32]. These findings were due to the promotor’s short half-

life. Additionally, low protein stability, high cost of production and restricted 

spatialtemporal effects of soluble growth factors have caused the need to increase 

vascularization through other methods [27,33]. 

 

1.3.2 Mechanical Factors 

 Mechanical factors promoting angiogenesis in tissue are still poorly 

characterized although several underlying mechanisms are being studied. It has 

been found that repeated exercise causes muscle adaptations as well as the 

development of additional capillaries [34,35]. Although the mechanism for this is 

unclear, it is believed to be related to the increase in nitric oxide during exercise 

[36]. Nitric oxide is responsible for vasodilation in blood vessels and is an 

important component to the VEGF cascade [37].  VEGF release has also been 

linked to inflammation, which is a normal reaction to exercise as a result of related 

tissue damage [38,39]. Inflammation is also a necessary component of wound 

healing post-implantation, suggesting angiogenesis could be initiated during 

implantation of tissue-engineered grafts into the human body. 
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Other mechanical factors potentially leading to angiogenesis are due to the 

forces blood flow has on the existing microvasculature. The effect of shear stress 

on the luminal surface of the endothelial layer has yielded controversial results; 

with some studies suggesting induced capillary growth and others showing 

increased endothelial functions and decreased sprouting [40–45]. Sprouting 

angiogenesis is characterized by sprouts (composed of endothelial cells) which 

grow toward an angiogenic stimulus [46]. In terms of pressure differences, it has 

been found that sprouts form from a vessel at lower pressure towards a vessel at 

higher pressure, and that the sprouts form at a shear stress minimum [47]. On the 

tip of the developing capillary sprout are processes called filopodia that secrete 

large amounts of proteolytic enzymes and digest a path through the ECM for the 

developing sprout [48,49]. Overall, it appears as though angiogenic sprouting will 

occur when shear stress rises above a certain threshold level although this is a 

multifaceted mechanism [42]. This increase of shear stress in capillary-like 

networks can be achieved through the use of bioreactors, such as a perfusion 

system. 

 

1.4 Current Approaches to Microvascular Guidance Channels 

In order to address complications arising from inadequate circulation in 

implanted tissues, different therapies have been developed by tissue engineers. 

Methods to increase graft survival have been mentioned previously (as in the case 
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of the hyperbolic oxygen chamber); however, another approach to address hypoxia 

is the microfabrication of functional capillary-sized models. Despite current 

advances in engineering larger blood vessels, successful studies yielding positive 

results towards the development of microvascular have been limited. Most methods 

are confined to forming guidance channels in which microvascular components can 

be seeded in. Spontaneously generated capillary-like models can be made within 

various extracellular matrix (ECM) components (such as collagen, fibrin, fibrogen, 

or multimolecular matrices such as Matrigel) containing guidance channels [23]. 

Unfortunately, allowing spontaneous generation of tissue can occasionally be 

unpredictable or unreliable, so the incorporation of guidance channels into a matrix 

can help proper channel formation. The simplest and most versatile method of 

small channel formation is template techniques.  

 

1.4.1 Template Techniques 

 Template techniques involve the formation of the construct around a small 

cylindrical object such as a tube or needle. In experiments where hydrogels are 

used, the gels are allowed to form before the removal of the channel template. 

Endothelial cells form a self-organized capillary-like network by lining the interior 

of the channels  [50]. Although this method has shown successful perfusion with 

liquid to aid in the dispersal of cells, it has mostly been performed in artery-sized 

channels that are several hundred micrometers in diameter [51]. Another similar 
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method was used without perfusion where the endothelial cells adhered to the gold 

rod used as the template within the scaffold. After the application of a negative 

charge, the gold-thiolate bond broke, the endothelial cells detached from the gold 

rod, and the cells transferred to the collagen adjacent to the rod [52]. Although this 

produced endothelialized channels within only five minutes, the channels were still 

too large to represent capillaries [53]. Both of these studies were limited to 

producing simple linear patterns but more complex designs can also be constructed 

with these techniques. 

 Sacrificial template models have been useful in constructing more intricate 

vasculature networks. In one study, sacrificial melt-spun sugar microfibers were 

embedded into solid polydimethylsiloxane (PDMS) and poly (ε-caprolactone) 

matrices [54]. When immersed in water, the sugar dissolves leaving a capillary-like 

network within the construct [54]. Another technique involved the degradation of 

hydrogel microfibers used as complex design templates through enzymatic 

degradation [55]. These studies were important in showing that microvasculature 

patterns could be mimicked using template methods.  

Even though this technique has shown success in producing detailed 

vasculature networks, it is better suited for larger diameter vessel construction due 

to the larger diameter of most templates. 
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1.4.2 Soft Lithography 

 Soft lithography is a technique of fabrication that uses devices such as 

stamps or molds with the incorporation of elastomeric materials [56].  This type of 

lithography has advantages over other forms of lithography (such as 

photolithography and electron beam lithography) in terms of cost and fine 

resolution [57]. This type of fabrication is especially useful because it can create 

perfusable channels with a special resolution of <1 μm, allowing them to create 

networks with diameters comparative to native capillaries [58]. One application 

aimed to replicate venation patterns of leaves, rather than human vasculature 

networks, but was able to produce complex patterns into PDMS with an accuracy 

down to 500 nm [59]. Unfortunately, although PDMS is the standard material used 

for this process, it presents a number of technical problems [60]. When the aspect 

ratio of microstructures in PDMS is too high or too low, the elastomeric properties 

of PDMS will cause the microstructures to deform or distort indicating defect 

levels are higher than those found in more expensive methods, such as 

photolithography [61]. PDMS is also non-biodegradable, indicating it is not an 

acceptable scaffold choice of tissue engineering applications. Another reason soft 

lithography is not the best method for channel generation is because it relies on the 

use of photolithography for fabrication of the molds [62]. 
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1.4.3 Traditional 3D Bioprinting 

 3D printing is a new technique that has drawn the attention of engineers and 

scientists due to its number of potential applications. This technology is easy to use, 

reliable, cost-effective and diverse in the materials it is compatible with [63]. 

Unfortunately, traditional 3D printing that is capable of production at this fine 

resolution requires a large time investment. Bioprinting requires innovative 

techniques to address the high pressure necessary to force material through the 

nozzle and create fine resolution, techniques that separate it from traditional 3D 

bioprinting. While 3D bioprinting is considering an ‘additive’ technique for 

scaffold generation, optical methods, such as lasers, are subtractive techniques that 

are also effective in producing fine details within scaffolds. 

 

1.4.4 Subtractive Channel Generation with Multiphoton Lasers 

 Multiphoton absorption (MPA) is a process that can be used to create 3D 

channels within a hydrogel. During this process, two or more photons are needed to 

excite a molecule into its higher energy state. Without the summation of multiple 

photons, photodisruption does not occur because each individual photon isn’t 

strong enough to remove tissue. To achieve high enough photon densities, laser 

pulses must be short in duration and tightly focused and the material must be 

transparent to low energy photons [64]. If these conditions are met a focal spot can 
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be formed deep within the tissue, allowing little of the energy to be absorbed at the 

surface of the material (Fig. 2) [64].  When MPA frees the first electrons, these 

electrons interact with the surrounding atoms. As they are deflected, they absorb 

laser energy through inverse bremsstrahlung absorption [65]. As the electrons 

continue to absorb energy, they reach a point where they have enough energy to 

affect an atom and free another electron, resulting in cascade ionization. Once the 

density of free electrons approaches 10
21

 electrons/cm
3
 a plasma is formed, which 

then sends a shockwave to the surrounding material as it collapses. Our approach in 

this project was to use subtractive channel generation from a multiphoton laser in 

order to generate these channels within biocompatible scaffolds. In order for a 

scaffold to be biocompatible, it must not be toxic or cause immunological rejection. 

 

Figure 2. Comparison between single photon and multiphoton excitation. A) 

Single photon ablates multiple layers of material. B) Multiphoton absorption occurs 

solely at the focal point of the laser beam. 

 

A B 
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1.5 Inflammatory and Healing Response to Biomaterials 

 One of tissue engineering’s biggest challenges is to create scaffolds that 

allow healing and prevent rejection of the graft. The body’s inflammatory response 

aims to rid the organism’s body of foreign organisms, but unfortunately can also 

produce unwanted affects. The duration and magnitude of the inflammatory 

response impacts the compatibility of biomaterials and alters the effectiveness of 

biomedical devices [66,67]. 

 Acute inflammation is marked by the exudation of fluid and plasma 

proteins, and the relocation of neutrophils and other leukocytes from the blood 

vessels and into affected tissues [68,69]. These neutrophils ingest and inactivate 

foreign particles through enzyme digestion. Neutrophils aren’t large enough to 

ingest full biomaterials; however, certain antigens (such as IgG and C3b) can attach 

to the surface of the biomaterial and activate them [70]. An inflammatory response 

to biomaterials leads to an increase in macrophages and the reactive oxygen species 

that they produce [70]. Eventually, if inflammation persists beyond this, 

macrophages coalesce into foreign body giant cells (FBGCs) to attempt to 

phagocytize the biomaterial. These FBGCs release pro-fibrotic factors (such as 

TGF-β and PDGF) that trigger the action of fibroblasts and endothelial cells. 

Although inflammation tends to be associated with undesired affects, it is a 

necessary step before wound healing can occur. 
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 In order for wound healing to occur, fibroblasts and vascular endothelial 

cells must proliferate, resulting in the formation of granulation tissue [70].  As 

granulation tissue matures through the formation of blood vessels and alignment of 

collagen fibers, fibrous encapsulation often takes place with non-degradable 

implants. This isolates the biomaterial from the body, shields it from the immune 

system and is also the final stage of inflammation/wound healing in nondegradable 

biomedical engineering approaches [71]. However, it is important to note that some 

modification to the surface and porosity of permanent implants (e.g., titanium hip 

joints) allow for better integration with the native tissue [72]. Tissue engineering 

aims to further improve this integration by introducing a biodegradable biomaterial. 

If a prolonged inflammatory response does not occur after the implantation of a 

degradable biomaterial, this capsule will form partially or not at all and the material 

can be fully integrated with the surrounding tissue [73]. An ideal biomaterial is one 

that will limit the progression from acute to chronic inflammation and thus reduce 

fibrous capsule formation. 

 

1.6 Choice of Materials and Fabrication 

 Tissue engineering aims to regenerate damaged tissues by combining cells 

from the body with highly porous scaffold biomaterials, which will then act as 

templates for growth of new tissue [74].  The numerous amounts of scaffolds 

present in tissue engineering exist due to their different properties and functions 
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they must perform. Requirements for ideal tissue engineering scaffolds include 

biocompatibility and biodegradability. 

 

1.6.1 Hydrogels in Tissue Engineering 

 Hydrogels are three-dimensional networks composed of crosslinked 

hydrophilic polymers with the capability to swell many times their dry weight 

without dissolving [75]. These types of scaffolds have been increasingly popular 

due to their soft, rubbery nature and structural similarities to the natural 

extracellular matrix [75]. Hydrogels can be produced from many natural and 

synthetic sources, although gels produced from natural origins are preferable due to 

their receptor-binding ligands and susceptibility to cell-triggered proteolytic 

remodeling [75].  

 

1.6.2 Types of Hydrogels 

 Collagen fibers represent one of the most popular natural polymer-based 

hydrogel scaffolds used in tissue engineering. Collagen is found in various 

connective tissues and is the most abundant protein in mammals [76]. Currently, 28 

types of collagen have been identified and grouped according to their structural 

properties [77].  Type I collagen is a common type found in skin, tendons, vascular 

ligature and bone, among other tissues. This type is abundant in many tendons, 

making it easy to isolate and a common type used in biomedical research. It is 
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composed of three coiled heterotrimers (two α1 and one α2) chains wound around 

each other in a right-handed triple helix held together by hydrogen bonds. This type 

of fibril-forming collagen has a characteristic banding pattern and provides tensile 

stiffness as well as other mechanical properties. When collagen is derived from 

living tissues it can be used to produce different tissue engineering scaffolds, 

including hydrogels. Unfortunately, collagen gels are viscous and have low 

transparency, making them undesirable for channel generating methods that require 

clear scaffolds [78]. Although collagen is known for its strong mechanical 

properties in tissues, they are a severely limited by their lack of mechanical strength 

and ability to maintain their form [79,80]. Also, due to its turbidity, it is unsuitable 

for subtractive photopatterning techniques intending to insert features a few 

micrometers below the surface[81]. 

 Polyethylene (glycol) diacrylate (PEGDA) can be formed into a synthetic, 

transparent hydrogel that crosslinks rapidly at room temperature. PEDGDA, as well 

as other PEG-based materials, have been shown to be compatible with cells due to 

their non-toxic and non-immunogenic properties [82]. There are some restrictions, 

as cell viability has been shown to decrease as the density of polymer increases 

[83]. This reduced viability is explained by the high polymer concentrations 

preventing cells from depositing extracellular matrix and having room to spread. In 

addition to its biocompatibility, PEGDA is also permeable to gases and nutrients 

[84]. Unfortunately, PEGDA gels exhibit anti-fouling behavior that increase their 
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resistance to cell and protein adhesion, making it unsuitable in it’s pure form to 

allow for endothelial cell attachment while forming microvasculature networks. 

[85–87]. This is a result of uncharged hydrophilic groups forming hydrogen bonds 

with surrounding molecules [88]. Due to these limitations, blended gels are 

preferred over pure collagen and PEGDA gels. 

 

1.6.3 Formation of Collagen/PEGDA Blended Hydrogels 

 The incorporation of natural collagen into PEG-based hydrogels introduces 

the advantage of improved cell adhesion, migration, and proliferation when 

compared to pure PEGDA hydrogels [89,90]. Different blend percentages of these 

two polymers affect both mechanical and biological properties of the gel [91]. 

Photopolymerization, the method typically used to form PEGDA gels, is also useful 

in producing PEG/collagen blends [92]. UV responsive 1-[4-(2-hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propanone (or Irgacure 2959) is the most commonly 

used photoinitiator in the formation of PEGDA hydrogels and help allows the blend 

to solidify (Fig. 3) [93].  

 

 



18 
 

            

Figure 3. The structure of poly(ethylene) diacrylate (PEGDA) and Irgacure 2959. 

 

Irgacure 2959 is non-toxic in concentrations lower than 0.015% (w/v), 

which is compatible with many studies because it is only dissolvable in water at 

similarly low concentrations [94].  

After the formation of mechanically stable, transparent hydrogels is 

achieved, gels must be tested to verify their ability to culture viable cells. Initially, 

cells can be tested on the surface of the gel (mimicking 2D) or within the gel (3D). 

After this viability is confirmed, different techniques can be performed in order to 

generate guidance channels and encourage cell growth that imitates vascular 

design. Various techniques encouraging angiogenesis have been discussed, as well 

as methods of forming templates. Another technique, known as perfusion, involves 

the process of flowing fluid through structural vessels. If this technique is used as a 

cell seeding system, tube-like structures similar to vascular structure can hopefully 

be formed. 
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1.6.4 Perfusion Bioreactor 

 Various bioreactors have been developed with the purpose of cells 

generating into tissue with the proper three-dimension structure [95]. A perfusion 

bioreactor system has been used in past studies to seed cells within the three-

dimensional structures formed within scaffolds. Use of this method has been found 

to significantly improve seeding efficiency [96,97]. In its basic form, a perfusion 

system uses a pump to flow fluid through vessels, similar to a circulatory system. 

Typically, perfusion is used to supply cells seeded within the interior regions with 

sufficient nutrients although it has also been used as a dynamic cell seeding method 

[98]. In order for perfusion to be effective, gels must be strong enough to maintain 

intact when added force is applied. However, studies have shown that gels 

exhibiting too high mechanical strength can actually slow capillary formation, due 

to physical inhibited migration [99]. Thus, there must be a proper balance.  

 

1.7 Experimental Design 

 The overall goal of the research study was to investigate the potential of a 

3D multi-photon laser to produce micrometer-sized channels in PEGDA/collagen 

blended hydrogels. It was hypothesized that collagen incorporation into a synthetic 

hydrogel would increase cell viability due to the natural polymer’s advantages over 

synthetic, specifically in terms of reduced cell attachment on pure PEGDA. 



20 
 

Incorporation of the synthetic polymer would increase the hydrogel’s mechanical 

strength and transparency. In this study, we aimed to determine the percent 

collagen incorporation required to maximize mechanical and biological advantages 

in terms of a scaffold compatible for subtractive 3D printing and cellular assembly. 

 This study’s approach involved varying the collagen content (0%, 1%, 2%, 

and 3% v/v collagen/PEG ratios) within a hydrogel scaffold. Blends were produced 

by using a UV-crosslinker to form the gels. Each blend of hydrogel was evaluated 

for properties including swelling, degradation, compression, and transparency. Cell 

culture was conducted in the gels prior to cutting channels in order to determine the 

effects of the 3D-multiphoton laser on cells. After the gels set, a Spectra Physics 

Spirit laser system ablated channels with a diameter of 40 microns into the 

hydrogel and cell viability was evaluated. 
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Chapter 2: Materials and Methods 

2.1 Materials 

All disposables, chemicals and biological supplies were purchased from 

Fisher Scientific (Pittsburgh, PA) unless specified otherwise. Poly(ethylene) 

diacrylate and Irgacure 2959 were purchased from ESIBio (Alameda, CA). Three 

mg/ml type I aqueous collagen solution from bovine skin was purchased from 

Sigma-Aldrich (St. Louis, MO). Collagenase Type 2 was purchased from 

Worthington Biomedical (Lakewood, NJ). 

 

2.2 Hydrogel Production and Preliminary Tests 

2.2.1 Producing Hydrogels from Collagen and PEG 

 Hydrogels were prepared using four different compositions of PEGDA and 

collagen. Aqueous 3 mg/ml type I collagen from bovine skin was incorporated at 0, 

25, 50, and 75% (v/v) while the PEGDA solution was kept with a consistent 7.5% 

(w/v).  This produced 0, 1, 2, and 3% (w/w) collagen/PEGDA solutions. For each 

group, Dulbecco’s Modified Eagle’s Medium (DMEM) was warmed to 37°C 

before being used to dissolve the PEGDA powder. Irgacure 2959 was added to 

each mixture at a ratio of 2.5 mg per 75 mg of PEGDA and protected from light. 

After agitating the mixture until completely dissolved, the PEG solution was filter 
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sterilized and deposited into 24-well plates. Sterile collagen was added to the wells 

in the appropriate amount to create the correct composition of 0, 1, 2 and 3% 

collagen gels.  The PEG mixture and collagen were mixed together using a pipette 

tip before placing under a 100 W longwave UV lamp (exposure at 365 nm, distance 

of 8.5 cm) for six min at which time gels were properly solidified. Each gel was 

made from 1 ml of total solution. Gels were characterized by taking average height, 

width, and dry to swollen weight percentage. 

 

2.2.2 Transmittance of Hydrogels 

 Four hydrogels in each of the test groups were gelled in a 24-well plate and 

placed in a SpectraMax M2
e
 microplate reader (Molecular Devices, Sunnyvale, 

CA). The absorbances from two gels of each group were measured in the center of 

the gel at 10 nm increments from 350-750 nm. The other two gels were measured 

at 10 nm increments from 350-1000 nm. During each reading, an empty plate well 

was used as a control. A DMEM control was also used in order to determine the 

effect the pH indicator had on the transmittance spectra. For comparison. a total of 

three 3 mg/ml collagen gels were diluted to the proper amount in DMEM, then 

allowed to set at 37 
o
C for thirty minutes. The liquid that did not gel after 30 

minutes was removed before the plate was placed in the plate reader. All 

PEG/collagen, pure PEG, and pure collagen gels were produced with 1 ml of 

solution in order to prevent variation of depth differences in gels. Wavelengths 



23 
 

were measured at 10 nm intervals from 350-750 nm After subtracting control 

values against the measured absorbance, transmittance was calculated using the 

following formula: T=10
(2-A)

 (A=absorbance; T=transmittance). 

 

2.2.3 Mechanical Testing of Gels in Compression 

 Six gels from each gel composition (prepared and crosslinked two at a time 

immediately before testing) were tested and measured (in height and diameter) 

using calipers. All gels were made from filter-sterilized PEG solution.  Unconfined 

compression tests were performed by placing gels between two plates in an Instron 

mechanical testing system (Instron E3000, Norwood, MA) and compressing at a 

constant rate of 0.5 N/min with a 20 N load cell.  Gels were compressed until 

fracture. Stress and strain values were calculated according to the data generated by 

the Bluehill program at the point of fracture. 

 The secant modulus was analyzed around 20% strain due to it being a value 

present in tissues that undergo compression (i.e. cartilage) within the body when 

standing [100]. This was found by generating a graph of the stress/strain curve and 

plotting all points where the strain was valued between 10 to 30%. A linear 

trendline was added to the graph and the slope represented the value of the 

tangential modulus. 
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2.2.4 Swelling and Degradation Testing 

 Four sterile gels from each gel composition were initially placed in a 3 ml 

70% ethanol solution to remove non-covalently bound material. After 24 hours, the 

ethanol was removed and gels were washed once with PBS (Phosphate Buffered 

Saline).  All gels were dried in a 1 L benchtop lyophilizer (LabConco, Kansas City, 

MO) for 12 hours and monitored the last few hours to confirm gel weight didn’t 

change and gels were fully dried. After removing from the lyophilizer, gels were 

weighed to determine the dry weight. All gels were then put in 2.5 ml of PBS in 12-

well plates (to allow for unlimited swelling) and then placed in an incubator.  Gels 

were blotted dry and weighed every 30 minutes for the first 4 hours, every hour for 

the next 4 hours, and every two hours for the next 8 hours. PBS was added in 1 ml 

increments when PBS levels in the wells were getting low. Swelling ratio was 

calculated using the formula: S= (Wwet-Wdry)/Wdry. This swelling study was 

replicated with two additional gels of each test group. The only difference in the 

protocol was that these gels were not soaked in ethanol for 24 hours prior to 

lyophilizing. 

 After the initial 24 hours, gels were weighed twice a week to monitor 

swelling or degradation. Old PBS was removed every 2-3 days and replaced with 

fresh solution. Every two weeks for six weeks, gels were removed from the PBS, 

placed into Kimwipe pouches, and allowed to dry in a lyophilizer for 24 hours 

before measuring the dry weight. Degradation percent was calculated using the 
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formula D = (W1/W0) x 100 where W1 was the dry weight after weeks for 

degradation and W0 was the initial dry weight prior to performing degradation tests. 

 Gels (n=5) were further analyzed for degradability by placing in 180 U/ml 

collagenase type II solution. The collagenase was dissolved in FBS-free DMEM 

(base media) and incubated at 37
o
 C throughout the whole four hours of soaking the 

gels. One control of each gel type was placed in base  media without collagenase. 

Positive controls to ensure the reactivity of the enzyme was performed on pure 

collagen gels (n=3), and also compared to gels in pure base media. After four 

hours, gels were dried in a lyophilizer and weighed to determine the dry weight. 

The collagenase-soaking and drying was repeated after another 4 hours of exposure 

to the enzyme to measure further degradation. Degradation was calculated using the 

same formula as described in the PBS degradation studies, where W1 was the 

weight at specific time points of measured degradation. 

 

2.3 3D Cell Culture in Hydrogels 

 NIH 3T3 fibroblasts were lifted and suspended in the sterile PEG mixture at 

500,000 cells/gel, resulting in a density of 744,585 cells/cm
3
. The PEG/cell mixture 

and collagen were mixed together in the wells of the 24-well plate and crosslinked 

for 6 minutes under UV light. Once solidified, 1 ml of DMEM was placed on top of 

each gel before placing plates in the incubator. After staining, the number of cells 

per image were counted and then used to calculate the expected cell density after 2-
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3 days of cell culture (n=8). This calculation was performed under the assumption 

that each image captured cells in focused at a depth of 10 microns, the approximate 

diameter of a fibroblast.   

 

2.4 Incorporation of Channels into Gels 

 One to three days after solidifying, hydrogels (either with or without cells) 

in media were transported in a Styrofoam container to a location 45 minutes away 

in order to have access to the laser system. A source of heat was added to the 

samples to try to keep them close to incubator temperature. Before channels were 

cut, media was removed by gently blotting with a surgical sponge. Plates were then 

turned upside-down so the laser could cut from the bottom surface. The 

multiphoton laser system worked at a wavelength of 1040 nm, pulse width of 375 

fs, and energy of 1.7 µJ. Focus scanning used a F/4 telecentric lens with a galleon 

afocal to control the axial position of the focus. The pattern of incorporated 

channels was grid-like. 

 

2.5 Immunofluorescent Staining and Imaging 

2.5.1 Pre-Stain Imaging 

  Hydrogels were imaged using ImagePro Plus® (Media Cybernetics) 

software under brightfield and phase contrast microscopy. Imaging was performed 
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on a ZEISS Axio Observer A.1 fluorescent microscope (Carl Zeiss Microscopy, 

Thornwood, NY) and a CoolSnap MYO CCD camera (Photometrics, Tucson, AZ). 

 

2.5.2 Live/Dead Assay 

 Each gel was cut in half so one half was used to stain for the live/dead 

assay. This allowed for a greater surface area for dye to penetrate into. Ethidium 

homodimer (EthD) and calcein-AM were dissolved in PBS each at a final 

concentration of 0.2% (v/v), with preliminary tests using a smaller concentration of 

dye resulting in a dimmer signal. One ml of this solution was placed in the well 

with half the gel and allowed to incubate. The dye was removed after 40 minutes 

and washed once in PBS. Dead controls were made by inducing cell necrosis with 

both ethanol and overexposure to UV light (10 minutes). Live controls were made 

by seeding cells on a 2D surface, either on the surface of a gel or at the bottom of a 

well plate. 

 

2.5.3 Actin and Nuclear Staining 

For the other assay, fibroblasts were fixed by covering gels with 4% (w/v) 

formaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 10 minutes. 

After formaldehyde was removed, gels were washed with PBS and covered with 

6.67% (v/v) 4’, 6-diamino-2–phenylindole dihydrochloride (DAPI) in PBS for 5 

minutes in an incubator to confirm presence of nuclei. After removing the solution 
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and washing with PBS, 5% phalloidin (v/v) stock solution was placed on the gel 

and allowed to permeate for 20 minutes in an incubator in order to stain actin 

filaments.  Phalloidin was then removed and gels were washed twice with PBS.  

ImagePro Plus
®
 software was used in conjunctions with a ZEISS Axio Observer 

A.1 fluorescent microscope to acquire all images. 

 

2.6 Statistics 

 Results are presented as mean ± standard deviation for gel characterization 

including modulus, percent compression, compressive strain, swelling ratio and 

degradation (n=4 gels/condition unless otherwise stated). Sample size for cell 

cultured gels of each test group were measured at n=3. Statistical analysis was 

performed using JMP software, and significance was determined using ANOVA 

with Tukey comparisons (p ≤ 0.05). 
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Chapter 3: Results and Discussion 

3.1 Hydrogel Characterization 

All gels produced were 15.15 ± 0.46 mm in diameter and 3.80 ± 0.56 mm in 

height with variation in height and diameter due to a minor amount of fluid that did 

not solidify (n=24). All gels were slightly irregular in height due to the sides of the 

well, with the meniscus providing variations.  The 0% collagen gels retained the 

color of the phenol red from the media and the gels became less pink-colored as 

collagen percentage increased. This was due to due to lower media concentration 

and no presence of acid-solubilized collagen.   Each gels dry weights were between 

9.64 to 11.73% of its swollen weight with variation between the conditions.  

 

3.1.1 Transmittance 

 Hydrogels of each test group were kept in cell culture plates and inserted 

into a plate reader (n=4). A representative (median) sample was chosen from each 

test group and graphed alongside a pure collagen representative (n=3) (Fig. 4). 

Statistical analysis was performed with all samples against the pure collagen gels. 



30 
 

 

 

Figure 4. Transmittance Spectra of PEGDA/Collagen Blend gels compared to pure 

PEGDA, and pure collagen gels. Gels with PEGDA incorporation have a 

noticeably higher transmittance across the entire spectra measured. p<0.05 for 

100% collagen compared to each gel type at 350-750 nm, in increments of 10 nm.  

 

 ANOVA  with post-hoc Tukey tests indicated that there was statistical 

difference (p<0.05) between 0, 1, 2, and 3% collagen gels when compared to pure 

collagen in the range of 350 to 750 nm measured every 10 nm.  Statistical 

significance of p<0.0001 was found at all values between 100-0% collagen,  

absorbances greater than or equal to 360 nm for 100-3% and 100-1%, and 

absorbances greater or equal to 390 nm between 100-2% collagen gels. During 

statistical tests, n=3 sample size was used for 2% collagen samples, due to one gel 

being an obvious outlier (due to optical abnormalities such as bubbles or reduced 

gel thickness). Tests containing wells of 1 ml of DMEM without a hydrogel were 
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conducted to confirm the negative peak at 570 nm was due to the phenol red 

coloring in the media. As indicated in the graph, the only gels with noticeable pH 

indicator color present are 0, 1, and 2% collagen. This was due to the higher 

amount of DMEM present in the final gel. 

 Overall, the data shows the incorporation of PEGDA increased the 

transparency of gel blends, even though the program did not take readings beyond 

1000 nm. The multiphoton laser used emitted a 1050 nm light, which was slightly 

above this range. This shows PEGDA incorporation into collagen gels increases 

clarity across a range of wavelengths. 

 We found that collagen gels had low transparency although other studies 

have shown success in producing optically clear type I collagen hydrogels suitable 

for corneal tissue repair after crosslinking with carbodiimide [101,102]. Repeated 

flow casting while controlling the parallel and orthogonal directionality of each 

single layer, as well as chemical cross-linking, allows for transparent collagen to be 

engineered for optical purposes [103]. 

Overall, the transparency tests were successful in confirming that hybrid 

gels are more transparent and better suited than pure collagen for laser 

photodisruption of microchannels.   
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3.1.2 Mechanical Properties 

 Hydrogels with varying collagen to PEG ratios (n=6) were measured under 

unconstrained compression (Fig. 5A). The addition of small amounts of collagen 

(1-2%) led to a slight increase in percent compression before fracture but there was 

not any statistical significance between any test groups.. The results from percent 

compression suggest a possible increase as level of collagen increases, to a certain 

point. Gels with greater than 2% collagen performed similarly to gels with less than 

2% collagen. This may be due to the high concentration of material comprising the 

3% collagen gel causing it to be denser. Haque et al. showed that when various 

hydrogels were studied in tension and compression, the gels able to withstand the 

highest levels of stress also exhibited the highest maxiumum strain [103]. Although 

this pattern wasn’t observed in terms of the 3% collagen gels, 0-2% collagen gels 

did show a gradual increase in stress and strain at fracture while increasing collagen 

levels. 

 Average ultimate strength showed a gradual increase with increasing 

collagen percent (Fig. 5B). Increased strength is likely due to the overall increase in 

density of the hydrogels, due to the increased amount of material. Statistical 

significance was noted between 0-2% collagen (p<0.05) indicating that pure PEG 

gels can withstand noticeably less stress than groups containing more collagen. 
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This indicates gels with more collagen are capable of handling more compressive 

load up to a certain point.  

The secant moduli were calculated at 20% strain (Fig. 5C). Results show 

statistical significance due to high variability.  The high variability and lack of 

trend is most likely due the large amount of noise present during compression 

testing. The coefficient of determination (R
2
) for some of these trendlines were 

below 0.05. It was expected that a higher density of collagen (and thus higher 

crosslinked material) would result in a higher modulus [104]. Improved results are 

possible by analyzing the secant modulus at a higher percent, where there is less 

noise in the system. 
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Figure 5. Compression data at point of fracture. n=6 for in group in each test. A) 

Percent compression for each group; B) Compressive stress for each group. p<0.05 

0%-2% collagen; C) Secant modulus at 20% strain for each group. 

 

3.1.3 Swelling Tests 

Hydrogels of four different collagen incorporation percentages were 

lyophilized then allowed to swell in PBS. The first group (n=4) was allowed to 

soak in ethanol for 24 hours while the second group (n=2) was not. When the gels 

of each (ethanol-soaked) group were compare, it was found that the swelling ratio 

achieved by 0% collagen gels was statistically significant from 2% collagen gels 
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(p<0.05) (Fig. 7). It was noted that the gels followed a similar pattern as seen in the 

percent compression tests. Overall, as collagen was incorporated into PEGDA gels, 

the gels exhibited a greater degree of swelling, to a point. When collagen levels 

were raised above 2%, the swelling ratio was reduced to levels similar to pure 

PEGDA gels. 

 

 

Figure 6. Swelling ratio of ethanol-soaked gels after one day of soaking in PBS. 

p<0.05 for pure PEG gels compared to 2% collagen gels. 

  

Another study on poly(vinyl alcohol) (PVA) hydrogels show that gels with 

a higher water content fracture at a higher strain  [105]. This suggests that 2% 

collagen hydrogels may have a higher swelling content than pure PEG and 3% gels, 

confirming that gels with higher water content have the highest mechanical 

strength. Thus, these studies suggest that hydration increases compressive strain to 
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a point, but will decrease the strain at fracture if there is a lack of structure matrix 

(such as collagen) keeping water within the gel. This relates to the mechanical 

testing performed earlier in the study, suggesting that gels with moderate collagen 

incorporation and density will be the strongest and have the highest swelling ratio. 

Equilibrium swelling capacity of hydrogels is a complex process that 

involves a balance between swelling and elastic forces [106]. The internal structure 

of the hydrogel dictates the level it is capable of expanding to, and the ability of 

materials to diffuse into the gel is determined by its complex network structure.  

We hypothesized that the decrease in swelling at the highest collagen percentage is 

due to the high density of collagen fibers preventing further hydrogel expansion. 

The groups soaked in ethanol were compared to those not soaked in ethanol 

to determine if this new procedure still yielded similar swelling properties. 

Differences in swelling indicated that gels that weren’t soaked in ethanol prior to 

lyophilizing did not follow the same swelling properties in any test groups.  It 

appears as though the gels not soaked in ethanol exhibited less swelling potential 

and/or degraded much quicker. Some gels even began to break apart into little 

pieces after only a few hours of swelling in PBS. A graph of the average and 

standard deviation was produced in order to view the swelling curve from dry 

weight, until one full day (24h) of swelling (Fig. 6A). On the other hand, ethanol-

soaked gels continued to swell throughout the 24 hour period as well as weeks into 

the degradation study, as long as PBS was changed out every few days (Fig. 6B). 
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Figure 7. Graphs showing the comparison of A) ethanol soaked hydrogels 

compared to B) immediately lyophilized hydrogels. Gels not soaked in ethanol 

showed less structural stability in PBS than those soaked for 24 hours. Gels with 

higher percentages of collagen show more structural stability. 
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It is currently unclear why soaking in ethanol is a necessary step to prevent 

gel degradation prior to performing swelling tests. This step was initially regarded 

as unnecessary and was used when following a protocol of another study aiming to 

observe hydrogel swelling behaviors [107].  Little research has been conducted on 

why this is a necessary step, but it may be due to the non-covalently bound material 

(monomers) being removed during swelling in ethanol, thus allowing a higher 

percentage of swelling when compared to its lyophilized form [107]. If this is the 

case, it would be assumed that the dried weight of non-ethanol soaked gels would 

be higher than ethanol-soaked gels, an observation that was not observed.  

Although the reasons are unclear, it appears to be the PEGDA, rather than the 

collagen, is the hydrogel component that seems to be degrading. This may be due 

to the highest amount of degradation being observed in gels with lower collagen 

incorporation. 

 

3.1.4 Degradation Tests 

 Two different types of degradation tests were performed in order to measure 

degradability in our hydrogel blends: in saline solution, and in collagenase. 
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3.1.4.1 Degradation in PBS 

 

After the completion of swelling tests, gels were allowed to remain in the 

PBS for a total of six weeks.  Average values and standard deviations were 

calculated and plotted once every week (Fig. 8). Overall, the two gels with the 

highest swelling ratio over the first four weeks are consistent with that observed in 

the 24 hour swelling test. 

Statistical significance was found over time in 1-3% collagen hydrogels in 

weeks 5 and 6 when compared to the first two weeks in PBS.  This is consistent 

with other studies that have shown that PEGDA-based hydrogels show extremely 

slow, but slight degradation in PBS over an extended period of time (8 weeks) 

[108]. A study by Xin suggested that variations in degradation in PBS may be due 

to degree of photocrosslinking. This explanation is consistent with the 

characteristics of 0% collagen gels, which are the softest and most prone to 

breaking while being handled. A lower degree of photocrosslinking among gels 

could explain why some are more likely to degrade in saline solution.  This may be 

due to the increased collagen levels preventing crosslinking in areas where 

significant phase separation is present. 
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Figure 8. Weekly swelling ratio of PEG/collagen blends.  Statistical significance 

(p<0.05) was observed between pure PEGDA samples and 2% collagen samples 

(p<0.01). Statistical significance represented by: ** (p<0.01) from same hydrogel 

condition at week 1, * (p<0.05) from same hydrogel condition at week 1, ~~ 

(p<0.01) from same hydrogel condition at week 2, ~ (p<0.05) from same hydrogel 

condition at week 2, and # (p<0.05) from 0% collagen gels at week 2. 

 

The results indicated that the PEG/collagen gels were relatively resistant to 

degradation (Fig. 9). It should be recognized that this is only true for gels soaked in 

ethanol. Gels that were not soaked in ethanol prior to lyophilizing began showing 

signs of degradation within two hours of soaking within PBS.   

Pure PEGDA gels showed the greatest gradual decrease in dry weight over 

the whole six weeks, although results were not statistically significant. Fifty percent 

collagen gels had an abnormally large decrease in weight from 4 to 6 weeks. When 

data from individual gels were analyzed, it was observed that this large drop was 

due to the variations in one 2% collagen gel (which jumped down to 56% of its 
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initial weight). Due to this gel being an outlier, it was removed from the sample 

during data analysis. Thus, this data continues to show that the PEGDA gels can 

dissolve in PBS, although very slowly. 

 

Figure 9. Change in lyophilized gel weight over time. Only statistical significance 

(p<0.01) seen between week 2 and week 6 at 2% collagen. 

 

3.1.4.2 Degradation in collagenase 

 

 Hydrogels of each test group (n=5) were placed in collagenase for five 

hours and compared to controls (n=1) that were placed in DMEM without 

collagenase (Fig. 10). It was anticipated that gels with a higher collagen percentage 

would degrade more in collagenase, an enzyme known to degrade that specific 

protein. A positive control was used in both test groups, pure collagen gels. After 
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two hours, both pure collagen gels that were placed in collagenase had completely 

degraded, indicating the enzyme was still functional.  

  

 

Figure 10. Degradation of PEGDA/Collagen blend gels in 180 u/ml collagenase 

type II solution. Graph shows that degradation increases as time and collagen 

incorporation into gels increases. (n=5) 

  

 Only the collagen component of the hydrogels should degrade with 

collagenase. The maximum amount of collagen incorporation into these hydrogel 

blends is only 3%, so we wouldn’t expect the samples to degrade more than 97% of 

its weight. Despite the degradation amount appearing very slight, the small amount 

of degradation observed is what would be expected from such low collagen blends. 
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degrade in collagenase, although no statistically significant evidence is seen due to 

the small sample size. 

 

3.2 Channel and Hydrogel Imaging 

3.2.1 Channel Characterization 

 Dr. Olmstead cut channels in the hydrogels that were generated. After 

photodisrupting material, channels were characterized and imaged with a 

microscope. Average channel width for all types of hydrogels was found to be 

61.39 microns (n=10). Overall, channels showed distinct shape and regularity. 

Many channels were placed near cells and initial observations did not show any 

apparent ill-effects prior to staining. Figure 11 shows images representing various 

characteristics found within hydrogels. After observance of bubbles within the 

channels and gel (a common occurrence after laser treatment), gels were lightly 

agitated for one hour in order to release any trapped air.  Agitating samples proved 

successful, and there were smaller and fewer bubbles present after preliminary 

tests. One sample showed charring in the area surrounding channel formation, and 

adjustments were made on the laser system preventing this repeat occurrence. 

Although relatively uncommon, most gels showed at least one or two locations 

where there was channel narrowing and/or collapse.  Most channel narrowing was 

observed in 0% collagen and 3% collagen samples, the two test groups most likely 
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to form more fluid hydrogels. This suggests that narrowing of channels may be due 

to lack of gel mechanical stability or post-processing handling, rather than concerns 

with the micro-channeling process itself.  
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Figure 11. Representative images of characteristics observed in hydrogels with 

channels cut from a multiphoton laser. Images C and D are undesirable qualities 

that have been corrected by adjusting the process. All are 10x, phase contrast unless 

otherwise noted. A) Image of gel showing clear and distinct channels. B) Image of 

clear channels  (Brightfield, 10x). C) Image showing significant presence of 

bubbles, both within channels and gel (Brightfield, 10x). D) Charring and burned 

gel damage (Brightfield, 10x). E) Gel showing multiple areas of channel narrowing 

and collapse. 
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3.2.2 Cell Viability Testing 

 Live/dead viability studies were performed on gels in each test group to 

determine how well NIH 3T3 fibroblasts survived when seeded within gels without 

channels. Cell density was calculated to average around 381,331 cells/gel although 

density ranged up to 595,248 cells/gel (n=8). Most cells were concentrated towards 

the bottom of the gel.  Representative images were taken from the same location 

within each hydrogel composition, at a point in the center of the gel’s volume (Fig. 

12). 

  

  

Figure 12. Representative images of cells located in the center of the cultured gels 

for all collagen compositions. A) 0%, B) 1%, C) 2%, and D) 3% collagen. 
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 Overall, all test groups showed cells internalizing calcein-AM, indicating 

that the cells were viable. Many cells also internalized ethidium homodimer 

Ethidium homodimer stains cells with compromised cell membranes, a 

characteristic not seen in living cells. However, if too much time elapses, living 

cells can take up ethidium homodimer into vesicles, causing the stain to be present 

in living cells. 

 Another characteristic that was noted was that cells seeded in 3% collagen 

gels appeared to have a tendency to clump together. This could be due to the 

increased density of the gels. Also, the stains (especially the ethidium homodimer) 

had a difficult time fully penetrating the inner layers of the gel. Cells on the edges 

exhibited the highest fluorescence. 

 In order to further verify that the cells incorporated within the gel were not 

necrotic, a dead control and live was used for comparison (Figure 14). It was noted 

that although ethidium homodimer is present in both live and dead cells, calcein 

was only present in living cells, indicating that our cell-cultured hydrogels contains 

living cells. Future work will add ethidium homodimer for a shorter period of time. 
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Figure 13. Comparison of A) live control, B) dead control, and C) test gels with 

live/dead assay 

 

 Further studies were performed in order to determine if there are any steps 

in the hydrogel formation process that are particularly important for cell viability. 

In order to test this, 3D gels were compared with cells seeded within the gel (3D) 

against 2D cultures (Fig. 13). Figure 14 shows the test groups and organization of 

the studies. 

 

Figure 14. Figure showing organization of tests on cell viability to determine 

which conditions produce viable cells. References made are to Fig. 15. 
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After two days all cells were analyzed to determine under which conditions 

cells were viable (Fig. 15). 

  

 

 

 

 

 

 

  

  

  

 

Figure 15. A) Cells seeded within 25% collagen gel (3D). B) Cells seeded on 

surface of 25% collagen gel. C) Cells on culture plate treated with Irgacure 2959 

but no UV exposure. D) Cells on culture plate treated with UV light. E) Cells on 

culture plate without Irgacure2959 or UV light exposure. 
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 Cells seeded on a 2D culture plate were well spread and viable after two 

days. Although more living cells were observed on top of the hydrogel and within, 

no spreading was apparent in either test group. Irgacure 2959 also showed clearly 

living cells that were beginning to spread. This is consistent with findings that 

Irgacure 2959 is not toxic to cells in low concentrations [109]. Unfortunately, 2D 

cultured cells exposed to 6 minutes of UV light all appeared dead, with barely any 

calcein expression. This finding was not surprising due to other studies also 

showing that UV light exposure can be a concern to the viability of cells 

(reference).  Ultraviolet light does have negative effects on cells, but is usually 

fine in short time intervals; however, it did seem to induce cell death within cells 

plated in 2D [110]. In general, photocrosslinkers are commonly used when 

culturing cells, so UV light has formed mechanically-stable 3D gels conserving cell 

viability within other studies [111]. We are currently unsure the impact of UV light 

on cell viability with the addition of gel solution and photoinitiator.  

Finally, live/dead assays were performed on gels that had microchannels 

incorporated in order to determine the effects of the laser on cells (Figure 15).  
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Figure 16. Pictures of cell-cultured A) 0% collagen, B) 1% collagen, C) 2% 

collagen, and D) 3% collagen gels presented next to the phase contrast images of 

their channels (a-d). Images B and C were dyed at same concentrations while A and 

D had the same concentrations while A and D had the same concentration. (n=1)  
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 Another feature noted within the 3D cultured cells was the limited cell 

spreading. Adhesion of cells to a surface is a prerequisite for the survival and 

proliferation of many types of cells [112]. Initially, the cell will be rounded, but as 

these adhesions begin to form, dendritic-like projections will be seen on fibroblasts. 

One reason cells may not spread is if it is not in the correct environment, such 

cultured in an improper matrix (i.e too soft) [112]. The lack of spreading seen 

within fibroblasts in our 3D culture suggests that the blended hydrogel we created 

may not have characteristics ideal for formation of cellular adhesions and migration 

[113]. This helps explain why PEG-based materials are typically used in instances 

where cell-repulsiveness is desired, such as in coating biomedical implants and in 

drug delivery systems. Fortunately, small adjustments such as coatings and other 

environmental changes can be applied to negate these problems. 
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Chapter 4: Conclusions and Future Work 

4.1 Conclusions 

In this study, it was shown that a multiphoton laser can successfully create 

microchannels into 3D hydrogels. Although the microchannels were found to be 

larger than capillary-sized vessels, they were measured to be as small as 52.89 

microns in diameter, which is smaller than veins. It was evident that 

PEGDA/collagen blends were advantageous over unblended PEGDA and collagen 

gels, providing both the optical clarity and structural support of the synthetic 

component, while maintaining natural components allowing for better cell 

attachment, although this was not seen due to geometric constraints. It was 

demonstrated that PEGDA gels exhibited optical clarity sufficient for laser 

processing. Different collagen ratios had different effects on the mechanical 

properties of the hydrogels, with 2% collagen incorporation having the strongest 

compressive strength. Another important finding was the capability of the collagen 

component of gels to degrade in collagenase solution. Neither collagenase nor PBS 

solution seemed effective at degrading the PEGDA component.  

Fibroblast seeding into hydrogels yielded cells that that were viable but 

internalized both live and dead stains. It is believed that the presence of ethidium 

homodimer within the cells of our gels could be a result of uptake into vesicles as a 

result of too high a concentration or extended time. This is supported by the 
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complete lack of calcein signal on dead controls, further confirming that the cells 

our samples were not dead. Images taken after channels were cut into cell-seeded 

gels indicated no obvious adverse effects on cells located close to the channels. 

Although replicates are needed to form a more reliable opinion, cells located within 

a close proximity of channels still exhibited calcein staining. 

 

4.2 Future Work 

 In order to adhere to the requirements of tissue engineering scaffolds, it is 

important that grafts are biodegradeable and non-toxic to cells. Other synthetic 

scaffold components will be investigated (i.e hyaluronin) in order develop a 

scaffold with quicker degradation, allowing cells to spread and migrate. 

When an appropriate scaffold is produced, reconstruction of 

microvasculature can be mimicked by seeding endothelial cells within the 

microchannels produced by the multiphoton laser. Seeding within the channels will 

be accomplished by development of a perfusion bioreactor, that will flow cell-laden 

media through the channels. It is believed that cells will attach to the inner surface 

of the channels and form tube-like structures similar to microvasculature tissue. 

The ultimate outcome of this research is to show that a multiphoton laser can 

produce a template for cell attachment in order to minimize problems associated 

with graft failure due to nutrient deficiency.  
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