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Abstract 

Photochemical Crosslinking of Methacrylated Collagen Hydrogels: 
Effect of I2959 vs. VA086 on Mechanics and Cellular Response 

by 

Author: Kori Elizabeth Watkins 

Advisor: Vipuil Kishore, Ph. D. 

 Irgacure 2959 (I2959) is widely used for photochemical crosslinking of a 

variety of different hydrogels. However, the free radicals generated from I2959 

have been reported to be highly cytotoxic. Previous work has shown that 

photochemical crosslinking of alginate hydrogels using VA086 (water soluble azo 

initiator) resulted in significantly higher viability of chondrocytes compared to 

I2959. However, photochemical crosslinking of pure methacrylated collagen type I 

hydrogels using VA086 has not yet been investigated. The goal of the current study 

was to compare the effects of I2959 vs. VA086 on the physical properties of 

methacrylated collagen type I hydrogels and SAOS-2 osteoblast cell viability. We 

hypothesize that crosslinking conditions will impact hydrogel mechanical 

properties. Further, we hypothesize that the use of VA086 as a photoinitiator will 

result in significantly higher osteoblast cell viability compared to I2959.  
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 Photochemically crosslinked collagen hydrogels were synthesized by 

mixing methacrylated collagen type I solution with a photoinitiator agent (I2959 or 

VA086) and exposed to UV light. Different concentrations and crosslinking times 

were employed to assess the effect on hydrogel morphology, physical properties, 

and cellular response. SEM imaging showed that photochemical crosslinking 

resulted in the merging of collagen fibrils for I2959 and VA086. Uniaxial 

compression tests showed that compressive modulus of methacrylated collagen 

hydrogels photocrosslinked with I2959 and VA086 was comparable. Results from 

degradation study showed that with increasing crosslinking concentration and 

exposure time increased the stability of hydrogels, and photochemical crosslinking 

with I2959 produced more stable hydrogels than VA086. Photochemical 

crosslinking decreased the swelling ratio of hydrogels compared to uncrosslinked 

hydrogels. Results from Alamar Blue and live-dead assay showed that 

photochemical crosslinking of methacrylated collagen hydrogels with VA086 

resulted in higher cell viability and proliferation compared to I2959. Alizarin Red S 

staining confirmed that SAOS-2 cell-mediated mineralization was more 

pronounced on VA086 photocrosslinked hydrogels. In conclusion, the results from 

this study suggest that photochemical crosslinking changes the physical properties 

methacrylated collagen hydrogels, and that VA086 is more cytocompatible 

compared to I2959 for photochemical crosslinking of methacrylated collagen 

hydrogels. 
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Chapter 1 

Introduction 
 

1.1 Hydrogels 
 

Different scaffolding methods and materials are used in order to try to 

mimic the extracellular matrix, however hydrogels in particular have significant 

potential as a bioresorbable material. Hydrogels are networks of polymers that have 

the ability to absorb water and create a three-dimensional scaffold that allows for 

the encapsulation of cells1,2. Other benefits of hydrogels include the 

biocompatibility due to the high water content, which allows cells and proteins to 

adhere to the surface, and from the low toxicity of the material as it degrades1,3. 

Cell encapsulation offers a wide range of applications that could be used for tissue 

regeneration.  

Some applications of hydrogels include injectables, wound filling, and 

bioinks. Hydrogels have been used as injectables4-7. Due to the hydrogel fabrication 

process the hydrogels, can be used as drug delivery materials as well. One group at 

the University of Washington used chitosan hydrogels to determine drug release 

profiles such as subcutaneous deliveries, growth factor deliveries and cancer 

therapies, among other applications6. Hydrogels can also be used in wound healing 

applications. One study employed the use of chitosan hydrogels encapsulated with 

MSCs as a wound filling system8. This application of wound filling is important. 
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For example, if the hydrogel was filled with stem cells and the hydrogel offered 

enough of the native extracellular matrix of bone, then the hydrogel could be 

implanted into a critical sized defect in the bone and the stem cells would be able to 

recognize the environment of the bone. These cells would then begin to 

differentiate into osteoblasts to start regenerating the bone that was unable to heal 

on its own. In addition to these properties, hydrogels have an interesting fabrication 

method that would be minimally invasive when implanted into the body. The next 

application is for hydrogel bioinks. Extrusion based methods are commonly used to 

make scaffolds with high resolution printing for tissue engineering applications, 

and hydrogels are very commonly used as bioinks for this method of printing9-11. In 

the printing step, bio-inks such as the hydrogel matrix or biomolecules can be 

printed or dispensed into patterns for cell attachments. 

Hydrogels start as a liquid, when kept cool. At this point, crosslinking 

agents or cells can be added. Different hydrogel materials have different methods 

of gelation. Two hydrogel materials that have different gelation processes are 

alginate and collagen. In alginate hydrogels, the gelation process happens when the 

alginate material is exposed calcium chloride where the calcium ions cause the 

alginate to gel quickly12. For collagen hydrogels, the collagen solution is prepared 

to include whatever components are desired, it is slowly heated to 37oC. While the 

hydrogel solution is kept at this temperature and at a neutral pH, the solution gels. 

This aspect of collagen hydrogels can make implantation very simple. Since the 
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hydrogel can be kept as a solution, the hydrogel can be injected into the defect (a 

minimally invasive procedure) and once the solution is in the body it will gel. If the 

hydrogel is not crosslinked; however, this matrix will be weak. When cells are 

added they will remodel and after this process the gel might not fill the whole 

defect. If instead the hydrogel is able to be crosslinked, it may be able to retain its 

shape and fill the defects fully, even with the addition of cells13.  

There are many different materials that can be used to make hydrogels, and 

they are classified as synthetic or natural materials. Both types of materials have 

advantages and disadvantages. Synthetic materials allow the user to fine tune the 

hydrogel properties by changing the polymer concentration or changing the 

molecular weight of the polymer, there is a lot of flexibility when working with 

synthetic polymers. PEG based polymers do not allow cells to attach, because they 

do not have cell binding sites, but can be modified to allow for cell attachment14,15. 

In comparison, natural polymers that include collagen, alginate, gelatin, and silk 

hydrogels made up of these materials have the advantage of allowing cells to 

attach; however, they are very weak and there is control on the properties of 

hydrogels of natural materials16. One group, Rouillard et al, worked with alginate 

hydrogels as the scaffold material in order to determine the cytotoxicity of different 

photoinitiators17. Alginate is a material that is extracted from brown algae18, and 

allows for crosslinking, and can be ionic crosslinked using calcium. There are 

many different groups that work with alginate as a hydrogel. Another group uses 
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Gel-MA, gelatin that is functionalized with methacrylate, as a hydrogel material19. 

The focus of our work was to use collagen based hydrogels. 

 

1.2 Collagen Methacrylate 

 
Collagen is the one of the most abundant materials in the body making up 

over 25% of the total protein mass in mammals20,21. Collagen is found in most 

tissues in the body including: skin, tendon, and bone which are primarily made up 

of type 1 collagen. Collagen is also highly biocompatible and biodegradable, so 

while it is harder to engineer than synthetic materials, it does have high 

biofunctionality and is non-cytotoxic, which makes it an ideal material for tissue 

engineering. 

Similar to Gel-MA, collagen methacrylate is made by reacting collagen 

with free amine groups22. These amine groups allow for the facilitation of 

photochemical crosslinking23. Many natural materials used for scaffold materials 

are mechanically weak, including collagen methacrylate; therefore, many 

modifications to increase these mechanical properties have been explored. One of 

the most explored methods is crosslinking the natural biomaterial. There are many 

different types of crosslinking that can be done.  

 

 



 

5 
  

1.3 Crosslinking 
 

Crosslinking is creating a bond that connects one polymer chain to another. 

Since most natural materials that are used in creating biomaterials are polymers, 

crosslinking is a good way to increase the strength of the material because of the 

ease in modification of the crosslinking concentration and time. Crosslinks must 

also be present in a polymeric network in order to keep the polymer from degrading 

once it is in use1. There are many different crosslinking types and agents that are 

used to improve the mechanical strength of natural materials. 

In the recent past, there have been a few studies that have reported that 

collagen once methacrylated can be photochemically crosslinked using UV light. 

The biggest advantage of doing this is that it allows you to encapsulate cells within 

the hydrogel to more closely mimic how the cells reside in our tissues. Previously, 

collagen was very commonly crosslinked with other crosslinkers such as EDC-

NHS and Genipin, but these crosslinkers are not cytocompatible. When using these 

chemical crosslinking agents, due to the cytotoxicity of the crosslinking agents, the 

cells are restricted being seeded on the surface of the hydrogels. Opposed to that, 

when photochemically crosslinked if the photoinitiator is cytocompatible 

photoinitiator and if there is a minimal amount of UV exposure then cells can be 

encapsulated within the hydrogel.  
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Photochemical crosslinking involves photopolymerization, which produces 

free radicals when exposed to specific wavelengths of light24. In order to 

photocrosslink materials, a photochemical crosslinking agent such as Riboflavin, 

VA086, or Irgacure2959 has to be present and exposed to UV light for an amount 

of time. Increased UV time increases the amount of free radicals present, which 

then increases the cytotoxicity of the material. As such, there needs to be 

optimization of photoinitiator, photoinitiator concentration, and UV exposure time 

in order to increase the strength of the material, but also have a reduced 

cytotoxicity so that the seeded cells will be able to survive the crosslinking 

technique. 

 

1.4 Photoinitiators 
 

Photoinitiators are compounds that undergo a reaction when exposed to 

light. There are many different types of photoinitiators that can be used for physical 

crosslinking including riboflavin, I2959 and VA086. Riboflavin is a chromophore 

that creates chemical bonds through the amino groups of the collagen fibrils19. 

Riboflavin has been shown to increase the biomechanical properties of collagen 

constructs19,25. I2959 is a commonly used photoinitiator for physical crosslinking. 

I2959 allows for cell encapsulation, and has been used to strengthen scaffolds for a 

variety of applications however it has been reported to be cytotoxic in high 
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concentrations and at extended UV exposure times. VA086 is a water soluble azo 

initiator, that does not have as much research done on it. There have been a couple 

of studies in the recent past that has shown that VA-086 is a much more 

cytocompatible photoinitiator there has been specifically one study that has used 

alginate hydrogels that has reported that VA-086 has maintained cell viability 

better than I295917, but none of this work has been done with collagen. 

 

Figure 1.1: Chemical structure of I2959 (2-Hydroxy-4!-(2-hydroxyethoxy)-2-
methylpropiophenone)26 

 

Figure 1.2: Chemical structure of VA086 (2,2'-Azobis[2-methyl-N-(2-
hydroxyethyl)propionamide])27 
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1.5 Problem Statement 
 

Although there has been a lot of research on I2959 for as a photoinitiator for 

crosslinking many different hydrogels; the free radicals produced during the 

process have been reported to be cytotoxic to many different cell types24. 

Photochemical crosslinking using VA-086 has been shown to have significantly 

higher viability in alginate hydrogels17; however, photochemical crosslinking of 

pure methacrylated collagen type I hydrogels using VA086 has not yet been 

investigated. The main goal of this study is to investigate and compare the effects 

of I2959 and VA086 on the physical properties of methacrylated collagen type I 

hydrogels and SAOS-2 osteoblast cell viability by varying photoinitiator 

concentration and UV exposure time. Collagen methacrylate hydrogels with 

photoinitiator but without UV exposure time will be used as control in cell 

experiments; and collagen methacrylate hydrogels without photoinitiators will be 

used as control in studies assessing the physical properties of hydrogels. Overall, 

the outcomes of this study will reveal the effects of I2959 and VA086 on SAOS-2 

cell viability and proliferation, as well as the effects they have on scaffold 

mechanics, stability, and swelling.  
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1.6 Hypotheses 
 

There are three main hypotheses in this study: 

H1: Photochemical crosslinking conditions (i.e., photoinitiator type, photoinitiator 

concentration, and crosslinking time) will modulate the morphology and  

compressive properties of methacrylated collagen hydrogels.  

H2: Photochemical crosslinking conditions (i.e., photoinitiator type, photoinitiator 

concentration, and crosslinking time) will affect swelling ratio and stability of 

methacrylated collagen hydrogels.  

H3: Methacrylated collagen hydrogels photocrosslinked with VA086 will yield 

significantly higher osteoblast cell viability, proliferation and functionality 

compared to I2959. 

  

1.7 Goals 
 
To test the hypotheses of the study, the specific aims of this project were: 

1. Assess the effects of photochemical crosslinking conditions on methacrylated 

collagen hydrogel morphology via SEM. 

2 Assess the effect of photochemical crosslinking conditions on the mechanical 

properties of methacrylated collagen hydrogels. 

3 Assess the effect of photochemical crosslinking conditions on swelling ratio 

and stability of methacrylated collagen hydrogels. 
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4 Compare the effects of photochemical crosslinking conditions on Saos-2 cell 

viability, metabolic activity and functionality.  

 

Uniaxial compression tests, SEM imaging, and swelling ratio tests were performed 

to evaluate the effect of photoinitiator type, concentration, and UV exposure time 

on the compressive modulus of collagen hydrogels. A degradation study was 

performed using collagenase to evaluate the effect of photocrosslinking conditions 

on the stability of collagen methacrylate hydrogels. An Alamar blue assay and a 

live dead assay were performed to assess the effects of photoinitiator type, VA086 

and I2959, on cell proliferation and viability. ARS staining was performed to assess 

the cell-mediated mineralization as a measure of osteoblast functionality on 

photocrosslinked methacryated collagen hydrogels. 
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Chapter 2 

Experimental Methodology 
 

Methacrylated collagen crosslinked gels were fabricated to assess the effects of 

photocrosslinker type (I2959 and VA086), photocrosslinker concentration (0.02% 

and 0.1%), and UV exposure time (1 min, 10 min) on hydrogel morphology and 

stiffness, as well as cellular response (i.e., cell viability, proliferation, and 

functionality). This chapter details the methodology employed for the synthesis and 

photochemical crosslinking of methacrylated collagen hydrogels, physical 

characterization of the hydrogels, and evaluation of SAOS-2 cell response. 

 

2.1 Synthesis of Photochemically crosslinked 
Methacrylated Collagen Hydrogels:  
 

Methacrylated collagen powder (Advanced Biomatrix; Photocol, Cat No: 

5201) was dissolved in 20 mM acetic acid at a concentration of 8 mg/ml. The 

solution was kept on ice and stirred in a glass vial until the methacrylated collagen 

powder was fully solubilized. To this, 80 µl of neutralization solution (NS) per ml 

of collagen solution was added. Next, 10% (w/v) photochemical crosslinking 

solution (I2959 and VA086) was made by dissolving the photoinitiator in 70% 

ethanol solution. The desired photoinitiator concentration (0.02% or 0.1%) was 
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attained by adding appropriate volume of photoinitiator solution (PS) to the 

neutralized collagen solution. The PS was added to a clean Eppendorf containing 

the chilled NS, and mixed well using a pipet. The mixture of NS and PS was then 

added to the glass vial containing the methacrylated collagen solution and mixed 

thoroughly using a stir bar (on ice). Specifically, for the 0.02% hydrogels, 2.16 µl 

of PS was added; and for 0.1% hydrogels, 10.8 µl of PS was added per ml of 

neutralized methacrylated collagen solution. The pH of the solution was tested 

using a pH strip to confirm that the pH of the solution was in the range of 7.0 to 

7.4. The collagen solution was then added to washers (8 mm inner diameter and 2.5 

mm thickness) that were previously glued onto a glass slide and incubated at 37 °C 

for 30 min to allow the gel to form. The formation of the gel was confirmed when 

the gel appeared opaque. The gels were then exposed to UV light (365 nm) for the 

1 min or 10 min. The hydrogels were then removed from the washer and used for 

the various assays performed in this study. 

 

2.2 Scanning Electron Microscopy of Hydrogels: 
 

Scanning electron microscopy (SEM) was performed on the hydrogels to 

determine the effect of different photochemical crosslinking conditions on the 

morphology of methacrylated collagen hydrogels Uncrosslinked hydrogels were 

used as controls. At first, the hydrogels were subjected to serial dehydration by 

incubating them to increasing ethanol concentrations (20%, 50%, 75%, 90%, and 
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100%) for 5 min in each solution. Following this, the hydrogels were immersed in a 

50% ethanol and 50% amyl acetate mixture for 5 min and stored in 100% amyl 

acetate. The hydrogels were then subjected to critical point drying (Denton DCP-1 

Critical Point Dryer), sputter-coated with gold for 30 seconds and imaged at 8,000x 

under the SEM (JEOL SEM). 

 

2.3 Compression Testing of Hydrogels: 
 

Compression testing was performed in order to determine the effect of 

different photochemical crosslinking conditions on the compressive modulus of 

methacrylated collagen hydrogels (N = 8/group) using a dynamic mechanical 

analyzer (DMA Q800). The Q800 was calibrated according to the suggested 

protocols prior to use. The hydrogels were loaded onto the compression clamp, and 

the drive was locked when the top clamp came into contact with the sample. A 

preload force of 0.0001 N was applied, and the thickness after the preload was 

measured and used as the initial thickness of the hydrogels. Compression tests were 

performed under load control (0.01 N/min)28. The static force and displacement 

data was collected and used to calculate the stress and strain. Compressive modulus 

was calculated by calculating the slope of the steepest region of the stress-strain 

curve.  
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2.4 Degradation: 
 

The degradation study was performed to determine the effects of different 

photochemical crosslinking conditions on the stability of methacrylated collagen 

hydrogels (N=5). The hydrogels were kept in ultrapure water for 30 min prior to 

testing. Following this, the hydrogels were blotted with a kimwipe and weighed to 

find the initial weight prior to collagenase treatment (W0). The hydrogels were then 

incubated in 500 µl of collagenase solution at 37 °C. At periodic intervals, the 

hydrogels were removed from the collagenase solution, blotted on a kimwipe and 

weighed (Wt) until the hydrogel was fully dissolved. Collagenase solution (5U/ml) 

was prepared in 0.1 M Tris–HCl buffer (pH 7.4) containing 5 mM CaCl2. Percent 

degradation was calculated at each time point by using the equation below:  

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  𝑀𝑎𝑠𝑠   % =
𝑊!

𝑊!  
𝑥  100 

 

2.5 Swelling Study: 
 

 The swelling study was done in order to determine the effect of different 

photochemical crosslinking conditions on the degree of scaffold swelling. At first, 

hydrogels were dried in a lyophilizer for 24 hours and weighed to determine the dry 

weight (Wd). Following this, the hydrogels were placed in 500 µl of 1x PBS for 24 
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hours and weighed to determine the wet weight (Ww). The swelling ratio was 

calculated using the equation:  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔  𝑅𝑎𝑡𝑖𝑜   % =
𝑊! −𝑊!

𝑊!   
𝑥  100 

 

2.6 Cell Culture: 
 

  Human osteosarcoma cell line (SAOS-2 cells; HTB-85; ATCC) were 

expanded in growth medium (RPMI + 15% FBS + 1% penicillin/streptomycin) and 

P32 cells were used in this study. Cells were encapsulated within the hydrogels by 

mixing them at a density of 5,000 cells/sample of neutralized methacrylated 

collagen hydrogels with different photoinitiator type (I2959 or VA086) and 

photoinitiator concentration (0.02% or 0.1%). Following this, 45µl of 

methacrylated collagen solution suspended with cells was added to each well of a 

96 well plate and allowed to gel for 30 minutes. Next, hydrogels were crosslinked 

with UV light (0, 1, or 10 min). Cell encapsulated hydrogels were cultured in α-

MEM media supplemented with 10% FBS, 1% penicillin/streptomycin, 50 μg/mL 

ascorbic acid, and 10mM β-glycerophosphate. On day 7, 10-7M dexamethaxone 

(Sigma) was added to the culture medium. At periodic intervals, hydrogels were 

removed from culture and assessed for cell viability (day 2 and day 7), cell 

metabolic activity (day 1, day 4, and day 7), and cell-mediated mineralization via 

Alizarin red S (ARS) staining (day 14). 
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2.7 Live Dead: 
 
 Live/Dead Assay was performed to determine the effect of different 

photochemical crosslinking conditions on cell viability within the hydrogels. 

Hydrogels were extracted from the culture plate (N = 3 / group / time point), 

washed twice in PBS, and stained with Calcein AM for live cells and ethidium 

homodimer for dead cells for 15 minutes at 37 °C. Following this, hydrogels were 

imaged under a fluorescence microscope (Zeiss) to assess cell viability. Calcein 

AM stains live cells green and ethidium homodimer stains dead cells red. In 

addition, image analyses (Image J) was performed to quantify cell viability (live vs. 

dead cells) on each of the hydrogels. 

 

2.8 Evaluation of Cell Metabolic Activity using Alamar Blue 
Assay: 

 

 Alamar blue (AB) assay (Life Technologies #1025) was performed to assess 

the effect of different photochemical crosslinking conditions on SAOS-2 cell 

metabolic activity (N=6/group). AB solution was warmed to room temperature and 

mixed with α-MEM media (1:9 AB-αMEM). Culture medium was removed from 

the wells and 50µl of AB-αMEM mix was added to each well and incubated for 2 

hours at 37 °C. After incubation, 100 µl of AB-αMEM was transferred to a separate 

96 well plate and fluorescence was measured using a spectrophotometer (M2e 
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spectramax, Molecular Devices) at an excitation wavelength of 555nm and an 

emission wavelength of 595nm. Relative fluorescence units (RFU) are reported as a 

measure of cell metabolic activity on the different hydrogels.  

  

2.9 Assessment of Cell-Mediated Mineralization via 
Alizarin Red S Staining: 
 

 To determine the effect of different photochemical crosslinking conditions 

on SAOS-2 cell-mediated mineralization, hydrogels were removed from culture 

and fixed with 10% Formaldehyde for 15 minutes and washed twice with ultrapure 

water. Hydrogels were stained with 40mM Alizarin Red S stain (pH = 4.1) for 20 

min at room temperature. Following this, the hydrogels were washed with copious 

amounts of water to remove the unbound dye and imaged under a microscope. ARS 

binds specifically to calcium and the positive staining is indicative of ongoing 

SAOS-2 cell-mediated mineralization within the hydrogels. To quantify the amount 

of ARS staining, ARS dye from each of the hydrogels was extracted using 10% 

acetic acid, neutralized with 10% ammonium hydroxide to a pH of 4.1 - 4.5. The 

solution was then added to a 96 well plate and absorbance was read at 405nm29. 
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2.10 Statistics 
 

 Statistical analyses was performed using multi- factorial ANOVA with 

Tukey post hoc test to find statistical significance between groups (JMP). Statistical 

significance criterion was set at p < 0.05.  
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Chapter 3 

Results and Discussion 
 
3.1 Assessment of Scanning Electron Microscopy of 
Photochemically crosslinked Methacrylated Collagen 
Hydrogels 

 
SEM analyses revealed that photochemical crosslinking resulted in changes 

in the morphology of both collagen methacrylate hydrogels and photochemically 

crosslinked methacrylated collagen hydrogels. Figure 3.1(A) shows fibril 

morphology typical of uncrosslinked collagen hydrogels. There is evidence of 

porosity, but the fibers are densely packed due to the high concentration of collagen 

in the hydrogels. Figures 3.1(B) and 3.1(C) show hydrogels with 0.1% 

concentration of photoinitiator and a UV exposure time of 10 minutes for I2959 

and VA086 respectively. These images of photochemically crosslinked hydrogels 

were representative images of all hydrogels for each photoinitiator for all 

concentrations and exposure times. Figures 3.1(B) and 3.1(C) show that after 

photochemical crosslinking porosity decreases collagen fibrils merge due to the 

high collagen concentration and UV exposure time. This decrease in porosity and 

merging causes a scaly appearance in the photochemically crosslinked hydrogels. 

Tannic acid studies have shown similar results with uncrosslinked 

hydrogels having fibril networks and tannic acid crosslinked hydrogels having a 

scaly appearance30,31.  These studies show that as crosslinking induces fibril 
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merging and a decrease in pore size in collagen hydrogels. The fibrils merge most 

likely due to the covalent bonding that happens between the methacrylate groups in 

response to the phtotochemical crosslinking fabrication process. One study has 

looked at collagen methacrylated hydrogels crosslinked with I2959 and reported 

that there was no change in the morphological appearance of the hydrogel22. The 

difference in findings could be due to the concentration of collagen that was used in 

that study (3mg/ml) was much lower than the concentration the current study 

(8mg/ml). Other characterization methods can be employed to determine the 

physical changes that the hydrogels undergo after photochemical crosslinking. 

Some of these methods include: hNMR, mass spectroscopy, Raman spectroscopy, 

etc.  

 

Figure 3.1: Assessment of photochemically crosslinked hydrogel morphology via SEM. (A) 
Uncrosslinked methacrylated collagen hydrogel and (B) Representative methacrylated collagen 
crosslinked with I2959 and (C) Representative methacrylated collagen crosslinked with VA086. 
Scale bar: 2 µm. 
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3.2 Compressive Mechanical Properties of 

Photochemically crosslinked Methacrylated Collagen 

Hydrogels 

Uniaxial compression tests were performed to evaluate the effect of 

photoinitiator type, concentration, and UV exposure time on the compressive 

modulus of collagen hydrogels. Figure 3.2(A) shows the typical stress-strain curves 

obtained during compressive testing of methacrylated collagen and 

photochemically crosslinked methacrylated collagen hydrogels. Figure 3.2(B) 

shows a weak compressive modulus at about 1 kPa for uncrosslinked hydrogels, 

but after photochemical crosslinking at 0.02% for both I2959 and VA086, the 

compressive modulus increased slightly, but the difference is not statistically 

significant. However, when the concentration of the photoinitiators increased to 

0.1%, the compressive modulus had a two-fold increase in the compressive 

modulus for both I2959 and VA086. When comparing UV exposure time, the 

compressive modulus increases with an increase in exposure time, but not 

significantly. When comparing between the two photoinitiators, the compressive 

modulus was similar suggesting that there is no difference in the mechanical 

properties of I2959 and VA086. 

The compressive modulus of the hydrogels was chosen based on previous 

work using the DMA Q80028,32-34. In these studies, the steepest slope of the 10% 
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strain region was chosen as the reported compressive modulus for a variety of 

applications34. Similar work has been done to assess the effects of I2959 and 

VA086 on alginate hydrogels17. The results are in agreement with that study which 

shows that there is no benefit to the mechanical properties of the hydrogel when 

using VA086 and I2959. The compressive modulus of hydrogels is a very 

important factor when determining the application. For bone tissue applications the 

compressive modulus would have to be very high in order to have a successful 

bone graft, but other applications would need different modulus values. 

Photochemical crosslinking has the advantage of having tunable properties based 

on the concentration and crosslinking time of the photoinitiator.  

 

Figure 3.2: Mechanical assessment of photochemically crosslinked methacrylated collagen 
hydrogels. (A) Typical stress versus strain curves. (B) Compressive modulus determined at 10% 
strain region (‘*’ denotes p < 0.05 between crosslinked hydrogels and uncrosslinked hydrogels; 
horizontal lines denote p < 0.05 between connecting groups). 
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3.3 In Vitro Collagenase Degradation and Swelling Ratio of 
Photochemically crosslinked Methacrylated Collagen 
Hydrogels 

 
 Degradation and swelling ratio tests were performed on uncrosslinked and 

photochemically crosslinked hydrogels. Hydrogel stability is an important factor to 

observe if photocrosslinking has an effect on the enzymatic degradation of 

hydrogels. The swelling ratio of hydrogels is also an important physical property to 

examine. The swelling ratio of hydrogels can influence the physical characteristics 

of the hydrogel such as thickness and pore size of the hydrogel35. Figure 3.3 shows 

that upon exposure to collagenase treatment, the uncrosslinked hydrogels were 

observed to degrade within 4 hours. Photochemical crosslinking of the hydrogels 

improved the stability of the hydrogels by increasing the degradation time up to a 

time of 24 hours. More specifically, Figure 3.3(A) shows that as the concentration 

of photoinitiator increased, the longer the hydrogel took to degrade. Figure 3.3(B) 

shows that as photoinitiator concentration and exposure time increases hydrogel 

stability increases. The photoinitiator I2959 is shown to be the more stable 

photochemical crosslinking agent. Table 1 shows that the uncrosslinked hydrogels 

have a swelling ratio of 92%, and crosslinking with I2959 decreases the swelling 

ratio significantly. Table 1 also shows a dip in the ratio of the 10 minute samples as 

compared to the 1 minute samples, but not enough to be significant. There is no 

significant difference between photoinitiators as well.  
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 Gaudet also performed a degradation study that found a significant 

difference between methacrylated collagen compared to photochemically 

crosslinked methacrylated collagen hydrogels with I295922. This study showed that 

after 3 hours the photochemically crosslinked hydrogel had a residual mass of 64%, 

which is similar to the 0.1% I2959 10 minute group as is shown in Figure 3.3(A)22. 

One group, Lim, looked at the swelling ratio of GelMA hydrogels crosslinked with 

0.05% I2959, and did not find a significant difference when compared to GelMA-

Col crosslinked hydrogels36. This agrees with the findings that a different 

concentration or exposure time does not change the swelling ratio significantly. 

Typically, as hydrogels increase in stiffness, the swelling ratio decreases, which is 

in agreement with Table 1 and Figure 3.2(B)4. 

 

 

Figure 3.3: In vitro collagenase degradation of photochemically crosslinked methacrylated collagen 
hydrogels. (‘*’ denotes p < 0.05 when compared to not crosslinked hydrogels; ‘#’ denotes p < 0.05 
when comparing 0.02% and 0.1% photoinitiator concentration at same photoinitiator type and 
crosslinking time; ‘ϯ’ denotes p < 0.05 when comparing between 1 min and 10 min groups of the 
same photoinitiator type and concentration; horizontal line denotes p < 0.05 between photoinitiator 
type). 
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Table 1: Swelling ratio for photochemically crosslinked methacrylated collagen hydrogels. (‘*’ 
denotes p < 0.05 when comparing crosslinked hydrogels with not crosslinked hydrogels). 
 

3.4 Assessment of I2959 and VA086 on Cell Viability and 
Proliferation  

 
  The hydrogels were encapsulated and cultured with SAOS-2 cells to check 

the biocompatibility of the hydrogels using a live-dead assay and an Alamar blue 

assay. Hydrogels without UV exposure time were used as control. The live-dead 

assay was performed on Day 7, and the image results are shown in Figure 3.5(A-L). 

Images A-L show that there were more live cells present in VA086 than I2959, but 

the results for 0 minute and 1 minute UV exposure were similar for both I2959 and 

VA086, but not for the 10 minute group. In addition, the viability was also 
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quantified using image analysis using ImageJ shown in plot in B. Figure 3.5(B) 

shows the percentage of cells that are viable. Most notably, Figure 3.5 shows that 

as concentration and UV exposure time of I2959 increases, cell viability decreases. 

Figure 3.5 also shows that cells are viable post crosslinking with VA086. AB assay 

was also used to assess the effects of photoinitiators on the metabolic function of 

SAOS-2 cells. As can be seen in Figure 3.6(A) the hydrogels without any UV 

exposure proliferated well with significant differences in cell numbers (p < 0.05) on 

day 4 and day 7 compared to day 1. With one and ten minute UV exposure time, 

Irgacure treated hydrogels have statistically less cell growth as can be seen in 

Figure 3.6(B) and (C), whereas VA086 treated hydrogels continue growing.     

 Previous studies have shown that I2959 is more cytotoxic than VA086 due 

to the photodissociated radical species17. This is in agreement with the results found 

for both the live dead assay and the AB assay. The photoinitiators, I2959 and 

VA086, where compared in a 3D printing of gelatin methacrylamide construct to 

determine that VA086 had better biocompatibility37. Billet showed that I2959 was 

only biocompatible at decreasing UV exposure times, whereas VA086 was 

biocompatible comparatively at higher concentrations and UV exposure time37. 

Overall, the results agree with the literature that VA086 is much more 

cytocompatible compared to I2959 for SAOS-2 cells.  
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Figure 3.4: Live-dead assay to assess the viability of SAOS-2 cells cultured within photochemically 
crosslinked methacrylated collagen hydrogels (live cells stain green and dead cells stain red). (M) 
Quantification of cell viability plot (‘*’ denotes p < 0.05 when comparing different photoinitiator 
concentration for the same photoinitiator type and crosslinking time, ‘#’ denotes p < 0.05 when 
comparing 1 min and 10 min crosslinking times with 0 min for the same photoinitiator type and 
concentration; ‘ϯ’ denotes p < 0.05 when comparing between 10 min and 1 min crosslinking times 
for the same photoinitiator type and concentration; horizontal line denotes p < 0.05 between 
photoinitiator type). Scale bar: 100 µm 
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Figure 3.5: Quantification of cell metabolic activity on photochemically crosslinked methacrylated 
collagen hydrogels using Alamar blue assay. (A) 0 min crosslinking, (B) 1 min crosslinking, (C) 10 
min crosslinking. (‘*’ denotes p < 0.05 when comparing day 7 and day 4 with day 1 for the same 
photoinitiator type and concentration; ‘#’ denotes p < 0.05 when comparing day 7 with day 4 for the 
same photoinitiator type and concentration; brackets denote p < 0.05 between connecting groups at 
the same culture time point). 
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3.5 Assessment of Cell Functionality on Photochemically 
crosslinked Collagen Methacrylate Hydrogels 

 
 SAOS-2 cells readily mineralize and serve as a good model to assess the 

osteofunctionality of hydrogels38. Cell functionality was assessed by using the one 

minute UV exposure time groups. Previous cell studies (viability and proliferation) 

show that at the 10 minute exposure time for I2959 was cytotoxic and therefore 

would be excluded from this study. The group without UV exposure was also not 

included because the purpose of this study was to assess the effect that the 

photoinitiators had on cell functionality; therefore, the only group that was tested 

was the groups with one minute UV exposure. Figure 3.6 (A-D) shows a much 

richer red color staining on hydrogels photocrosslinked with VA086 compared to 

I2959. Figure 3.6(E) shows that upon quantification of alizarin red staining via 

acetic acid extraction cells are more functional due to the production of a 

mineralized matrix on VA086 treated hydrogels. There is also a significant 

difference in the amount of mineralized matrix in the 0.1% groups. 

 The cytotoxicity of I2959 was assessed on different cell types, where it was 

found that cells that divided more quickly also had a higher incidence of 

cytotoxicity24. This is confirmed in both the alamar blue and live dead assays. Due 

to the cytotoxic nature of I2959 treated scaffolds, less cells are present than are on 

the VA086 treated scaffolds, which could lead to this difference in functionality.  
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Figure 3.6: (A-D) Qualitative assessment of SAOS-2 cell-mediated mineralization within 
photochemically crosslinked collagen hydrogels via ARS staining. Scale bar: 100 µm. Insets show 
1x magnification images of the actual ARS stained hydrogels (6 mm diameter). (E) Quantification 
of ARS staining (horizontal line denotes p < 0.05 when comparing between photoinitiator type).  
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Chapter 4 

Conclusions 
 

This study is the first to investigate the applicability of VA086 to be used as 

a photoinitiator to crosslink methacrylated collagen hydrogels. The effect of 

VA086 on photochemical crosslinking of methacrylated collagen hydrogels was 

compared to a more commonly used photoinitiator, I2959. The two photoinititators 

were compared by investigating their effect on the physical properties (i.e., gel 

morphology, compressive properties, swelling ratio, stability) of the hydrogels and 

Saos-2 osteoblast cell response (i.e., viability, proliferation, functionality). 

Hydrogels without UV exposure were used as controls. 

The major conclusions of this work are summarized below: 

1. Photochemical crosslinking induces collagen fibril merging resulting in reduced 

porosity and a more compact surface of methacrylated collagen hydrogels.  

2. Impact of photoinitiator type (I2959 vs. VA086) on the compressive properties 

of methacrylated collagen hydrogels was comparable. Increasing the 

photoinitiator concentration significantly increased the compressive modulus of 

methacrylated collagen hydrogels.  

3. Photochemical crosslinking with I2959 produces more stable hydrogels than 

VA086. 
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4. Photochemical crosslinking decreases the swelling ratio of hydrogels.  

5. Photochemical crosslinking of methacrylated collagen hydrogels with VA086 

increases cell viability and proliferation compared to I2959. 

6. Saos-2 cell functionality was maintained on VA086 photocrosslinked 

methacrylated collagen hydrogels  

Overall, the results from this study showed that VA086 is a more viable 

option compared to I2959 to generate cytocompatible photocrosslinked 

methacrylated collagen hydrogels. 
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Chapter 5 

Future Studies 
 

Previous work has been done on alginate hydrogels has been done with 

chondrocytes17 as well as many other cell types for alginate scaffolds using I2959. 

In future work, we would like to investigate the cellular response using other cell 

types. In this study, we have only used SAOS-2 cells, but we would be interested to 

know about the response for MSCs or primary osteoblasts and see the effects of 

photocrosslinking on proliferation and differentiation of these cell types. 

Although our results agree with literature that VA086 is more cytocompatible 

than I295917,37, there is really no evidence in the literature on why there is such a 

difference. So, investigating the mechanisms by which changing the photoinitiator 

type effects the photocrosslinking of these hydrogels, will help us to better 

understand why VA086 has less of an impact on cells than I2959. 

Furthermore, the majority of 3D bioprinting studies that use collagen or other 

hydrogel based bioinks use I2959 as a photoititiator for crosslinking39. Based on the 

outcomes of this work we would recommend that VA086 would potentially be a 

better photoinitiator than I2959. We would be interested to see the modulations that 

can be made to the photoinitiator concentration, exposure time, and crosslinking 

wavelength.  



 

34 
 

References 

1. Akhtar MF, Hanif M, Ranjha NM. Methods of synthesis of hydrogels… A review. Saudi 

Pharmaceutical Journal. 2016;24(5):554-559. 

2. Nicodemus GD, Bryant SJ. Cell encapsulation in biodegradable hydrogels for tissue 

engineering applications. Tissue Engineering Part B: Reviews. 2008;14(2):149-165. 

3. Drury JL, Mooney DJ. Hydrogels for tissue engineering: Scaffold design variables and 

applications. Biomaterials. 2003;24(24):4337-4351. 

4. Caliari SR, Burdick JA. A practical guide to hydrogels for cell culture. Nature methods. 

2016;13(5):405. 

5. Ifkovits JL, Burdick JA. Photopolymerizable and degradable biomaterials for tissue 

engineering applications. Tissue Eng. 2007;13(10):2369-2385. 

6. Bhattarai N, Gunn J, Zhang M. Chitosan-based hydrogels for controlled, localized drug 

delivery. Adv Drug Deliv Rev. 2010;62(1):83-99. 

7. Yu L, Ding J. Injectable hydrogels as unique biomedical materials. Chem Soc Rev. 

2008;37(8):1473-1481. 

8. Kühn PT, Rozenbaum RT, Perrels E, Sharma PK, van Rijn P. Anti-microbial 

biopolymer hydrogel scaffolds for stem cell encapsulation. Polymers. 2017;9(4):149. 

9. Highley CB, Rodell CB, Burdick JA. Direct 3D printing of shear�thinning hydrogels 

into self�healing hydrogels. Adv Mater. 2015;27(34):5075-5079. 



 

35 
 

10. Rutz AL, Hyland KE, Jakus AE, Burghardt WR, Shah RN. A multimaterial bioink 

method for 3D printing tunable, cell�compatible hydrogels. Adv Mater. 2015;27(9):1607-

1614. 

11. Hockaday L, Kang K, Colangelo N, et al. Rapid 3D printing of anatomically accurate 

and mechanically heterogeneous aortic valve hydrogel scaffolds. Biofabrication. 

2012;4(3):035005. 

12. Kuo CK, Ma PX. Ionically crosslinked alginate hydrogels as scaffolds for tissue 

engineering: Part 1. structure, gelation rate and mechanical properties. Biomaterials. 

2001;22(6):511-521. 

13. Ibusuki S, Halbesma GJ, Randolph MA, Redmond RW, Kochevar IE, Gill TJ. 

Photochemically cross-linked collagen gels as three-dimensional scaffolds for tissue 

engineering. Tissue Eng. 2007;13(8):1995-2001. 

14. Lutolf MP, Raeber GP, Zisch AH, Tirelli N, Hubbell JA. Cell�responsive synthetic 

hydrogels. Adv Mater. 2003;15(11):888-892. 

15. Kraehenbuehl TP, Ferreira LS, Zammaretti P, Hubbell JA, Langer R. Cell-responsive 

hydrogel for encapsulation of vascular cells. Biomaterials. 2009;30(26):4318-4324. 

16. Hoffman AS. Hydrogels for biomedical applications. Adv Drug Deliv Rev. 2012;64:18-

23. 

17. Rouillard AD, Berglund CM, Lee JY, et al. Methods for photocrosslinking alginate 

hydrogel scaffolds with high cell viability. Tissue Engineering Part C: Methods. 

2010;17(2):173-179. 



 

36 
 

18. Lee KY, Mooney DJ. Alginate: Properties and biomedical applications. Progress in 

polymer science. 2012;37(1):106-126. 

19. Zhang Y, Conrad AH, Conrad GW. Effects of ultraviolet-A and riboflavin on the 

interaction of collagen and proteoglycans during corneal cross-linking. J Biol Chem. 

2011;286(15):13011-13022. doi: 10.1074/jbc.M110.169813 [doi]. 

20. Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson J. Molecular biology of the 

cell (garland, new york, 1994). Google Scholar. :907-982. 

21. Lee CH, Singla A, Lee Y. Biomedical applications of collagen. Int J Pharm. 

2001;221(1-2):1-22. 

22. Gaudet ID, Shreiber DI. Characterization of methacrylated type-I collagen as a 

dynamic, photoactive hydrogel. Biointerphases. 2012;7(1-4):25. 

23. Nichol JW, Koshy ST, Bae H, Hwang CM, Yamanlar S, Khademhosseini A. Cell-laden 

microengineered gelatin methacrylate hydrogels. Biomaterials. 2010;31(21):5536-5544. 

24. Williams CG, Malik AN, Kim TK, Manson PN, Elisseeff JH. Variable 

cytocompatibility of six cell lines with photoinitiators used for polymerizing hydrogels and 

cell encapsulation. Biomaterials. 2005;26(11):1211-1218. 

25. Heo J, Koh RH, Shim W, Kim HD, Yim H, Hwang NS. Riboflavin-induced photo-

crosslinking of collagen hydrogel and its application in meniscus tissue engineering. Drug 

delivery and translational research. 2016;6(2):148-158. 



 

37 
 

26. 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone. 

https://www.sigmaaldrich.com/catalog/product/aldrich/410896?lang=en&region=US. 

Updated 2018. Accessed 7/18, . 

27. VA-086. http://www.wako-chem.co.jp/kaseihin_en/waterazo/VA-086.htm. Updated 

2018. Accessed 7/18, . 

28. Miller GJ, Morgan EF. Use of microindentation to characterize the mechanical 

properties of articular cartilage: Comparison of biphasic material properties across length 

scales. Osteoarthritis and cartilage. 2010;18(8):1051-1057. 

29. Kerativitayanan P, Tatullo M, Khariton M, Joshi P, Perniconi B, Gaharwar AK. 

Nanoengineered osteoinductive and elastomeric scaffolds for bone tissue engineering. ACS 

Biomaterials Science & Engineering. 2017;3(4):590-600. 

30. Bridgeman CJ. Effect of Tannic Acid Crosslinking on the Mechanical Properties of 

Collagen Scaffolds and Melanoma Cell Proliferation. 2017. 

31. Natarajan V, Krithica N, Madhan B, Sehgal PK. Preparation and properties of tannic 

acid cross�linked collagen scaffold and its application in wound healing. Journal of 

Biomedical Materials Research Part B: Applied Biomaterials. 2013;101(4):560-567. 

32. Chandler EM, Berglund CM, Lee JS, et al. Stiffness of photocrosslinked RGD�

alginate gels regulates adipose progenitor cell behavior. Biotechnol Bioeng. 

2011;108(7):1683-1692. 

33. Worthington KS, Wiley LA, Bartlett AM, et al. Mechanical properties of murine and 

porcine ocular tissues in compression. Exp Eye Res. 2014;121:194-199. 



 

38 
 

34. Borges A, Bourban P, Pioletti D, Månson J. Curing kinetics and mechanical properties 

of a composite hydrogel for the replacement of the nucleus pulposus. Composites Sci 

Technol. 2010;70(13):1847-1853. 

35. Nazemi K, Moztarzadeh F, Jalali N, Asgari S, Mozafari M. Synthesis and 

characterization of poly(lactic-co-glycolic) acid nanoparticles-loaded chitosan/bioactive 

glass scaffolds as a localized delivery system in the bone defects. Biomed Res Int. 

2014;2014:898930. doi: 10.1155/2014/898930 [doi]. 

36. Lim KS, Schon BS, Mekhileri NV, et al. New visible-light photoinitiating system for 

improved print fidelity in gelatin-based bioinks. ACS Biomaterials Science & Engineering. 

2016;2(10):1752-1762. 

37. Billiet T, Gevaert E, De Schryver T, Cornelissen M, Dubruel P. The 3D printing of 

gelatin methacrylamide cell-laden tissue-engineered constructs with high cell viability. 

Biomaterials. 2014;35(1):49-62. 

38. Czekanska E, Stoddart M, Richards R, Hayes J. In search of an osteoblast cell model 

for in vitro research. Eur Cell Mater. 2012;24(4):1-17. 

39. Stratesteffen H, Köpf M, Kreimendahl F, Blaeser A, Jockenhoevel S, Fischer H. 

GelMA-collagen blends enable drop-on-demand 3D printablility and promote 

angiogenesis. Biofabrication. 2017;9(4):045002. 

  




