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Bioprinting, or the use of three-dimensional printing technology to produce scaffolds and 

cellularized tissue constructs, is becoming more prominent in the tissue engineering and 

regenerative medicine fields. However, a major limiting factor to the field remains the 

development of adequate bioinks. Bioinks must be printable, cell-friendly, and exhibit 

mechanical properties necessary for construct implantation. Collagen bioinks are promising due 

to their cell-friendly properties but exhibit weak mechanical properties and slow gelation that 

present challenges for bioprinting applications. The overall goal of this study is to develop 

improved collagen bioinks for cartilage bioprinting that exhibit improved mechanics and 

printability while maintaining cell-friendliness. 

There are many parameters that can be used to tune the properties of collagen hydrogels, 

such as collagen concentration, gelation temperature, pepsin treatment, pH, enzymatic 

crosslinking, photocrosslinking by light activated riboflavin, and non-enzymatic glycation. 

Despite all this knowledge, except for collagen concentration, none of these parameters have 

been applied to the development of collagen bioink formulations. Additionally, bioinks are 

intended to contain encapsulated cells, however, it is not understood how the incorporation of 

cells could affect the performance of collagen bioinks. 



 

This work begins to investigate these collagen-tuning parameters to develop improved 

collagen bioinks that exhibit high shape fidelity, printability, and cell-friendliness. This was 

achieved by first determining which rheological properties are best able to predict collagen 

bioink printability by correlating the rheological properties and printability of collagen bioinks 

with blue light activated riboflavin crosslinking and pH variations (Chapter 2). The ability to 

print with cells and for those cells to survive and thrive is a major necessity of bioprinting. 

Therefore, the effect of the incorporation of cells on collagen bioink rheology and printability 

and how the printing process affects cell viability was determined (Chapter 3). Lastly, to improve 

collagen mechanics in a more cell-friendly manner, the effects of crosslinking through non-

enzymatic glycation of collagen was investigated (Chapter 4). 
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CHAPTER 1. INTRODUCTION 

1.1 Cartilage tissue engineering 

Articular cartilage is the connective tissue that lines the ends of long bones to provide load 

resistance and lubrication to joints. In adults, cartilage is composed primarily of type II collagen 

(20%), proteoglycans (5%), and water (75%)1. Collagen fibers are aligned parallel to the surface 

near the surface of the cartilage which provides resistance to shear forces during motion1,2. 

Collagen fibers are aligned perpendicular to the surface deeper in the tissue where the collagen 

attaches to the subchondral bone1,2. Proteoglycans, such as aggrecan, are highly negatively 

charged and are responsible for the compressive properties of the tissue2. Chondrocytes are the 

major cell type within cartilage and they produce the collagen and proteoglycans that are 

characteristic of the tissue1,2. 

When cartilage becomes damaged due to injury or disease, the tissue is unable to heal due to 

the tissue’s lack of vasculature and nerves and the chondrocytes relatively quiescent state in 

mature tissue3. Therefore, instead of healing, over time most cartilage injuries or defects lead to 

degenerative processes and can result in osteoarthritis4. 

To prevent the onset of osteoarthritis and heal cartilage tissue after injury, several tissue 

engineering strategies have been developed. These strategies have involved the implantation of 

cells and/or biomaterials into the cartilage defect site with the goal of the implant being 

remodeled to form new cartilage tissue that is integrated with the surrounding cartilage5. Several 
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such strategies have shown success clinically, reducing the joint pain experienced by patients 

with cartilage defects6–8. 

The goal of tissue engineered cartilage is to create an implant that can become cartilage 

tissue. The design of such a treatment can, therefore, be informed by how the body creates 

cartilage during development. During embryogenesis, cartilage is formed from the mesoderm 

germ layer9. Mesenchymal stem cells form a mesenchymal condensation which then undergoes 

chondrogenesis, differentiating into precursor cartilage cells9,10. These cells excrete large 

amounts of collagen and proteoglycans forming the extracellular matrix indicative of 

cartilage9,10. Over time the tissue begins to resemble the structure of adult cartilage and the cell 

density decreases1.  

Cartilage tissue engineering strategies have tried to replicate some of these aspects of 

cartilage development, such as using high cell densities and creating conditions to increase the 

production of type II collagen and proteoglycans. Cartilage tissue engineering has often utilized 

encapsulating primary chondrocytes in three-dimensional (3D) hydrogels, including alginate, 

collagen, fibrin, and polylactic/polyglycolic acids11. When encapsulated in 3D hydrogels, 

primary chondrocytes have been shown to produce the characteristic components of cartilage 

extracellular matrix, type II collagen and proteoglycans12–17. One study showed that primary 

chondrocytes encapsulated within alginate beads maintained a chondrogenic phenotype for 8 

months in culture15. Chondrocytes have been characterized by their phenotypic markers as well 

as gene expression for type II collagen, aggrecan, and SOX916,17. These findings over the last 

25+ years support that primary chondrocytes encapsulated in 3D hydrogels maintain their 

phenotype and chondrogenic functions and are conducive to cartilage tissue engineering. 
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Collagen, in particular, is a promising hydrogel for cartilage tissue engineering. 

Chondrocytes encapsulated in collagen produce proteoglycans and maintain chondrogenic 

phenotypes while in culture18–21. Additionally, when implanted in vivo, collagen does not elicit 

an immune response22–25 and chondrocyte-laden collagen has been shown to integrate with 

surrounding tissue and restore cartilage when implanted into cartilage defect sites26,27. Collagen 

is also promising for tissue engineering because collagen gels have already been used clinically 

in humans28,29.  

Currently, most cartilage tissue engineering using collagen have been either directly injected 

into cartilage defects sites26,27 or have utilized injection molding to create cartilage constructs 

with more defined geometries21,22. The limitation of directly injecting into defects sites is that it 

does not allow for any construct culture before implantation. Culture before implantation can 

allow for the construct to mature and form an initial cartilage-like matrix which can be beneficial 

for clinical outcomes. Additionally, direct injection is limited to defined focal cartilage defects. 

Injection molding allows for the creation of more complicated, patient-specific geometries that 

can be more widely applicable to a variety of cartilage treatments. Constructs created using 

injection molding can also be cultured after fabrication and before implantation to increase the 

mechanics of the construct. Unfortunately, injection molding is limited to one material and cell 

type and it is difficult to scale up for mass manufacturing of patient-specific constructs because 

each construct would require the creation of an individual mold. Therefore, there remains a need 

for manufacturing methods for creating tissue engineered cartilage constructs with multiple 

materials, cell types, and which can be easily scaled for mass manufacturing. 
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1.2 Bioprinting 

Bioprinting is an emerging manufacturing technique that could address these needs. 

Bioprinting, or the use of 3D printing technology to produce scaffolds and cellularized tissue 

constructs in a layer-by-layer fashion, is becoming more prominent in the tissue engineering and 

regenerative medicine fields. Extrusion-based bioprinting is a subtype of bioprinting that 

involves a bioink, often a hydrogel, being extruded through a nozzle and deposited on a printing 

platform to build a construct one layer at a time. Extrusion-based bioprinting is particularly 

promising for tissue engineering applications due to the ability to print with multiple materials 

and to encapsulate cells in the bioink before printing allowing for the production of tissue 

constructs with complex 3D geometries with precise control over cell and material placement. 

Additionally, compared to other types of bioprinting, relatively large constructs can be printed in 

a comparatively short amount of time30. 

While bioprinting has seen great advancements, particularly in hardware and software, over 

the last two decades allowing for the development of more complex tissues, a major limiting 

factor in the field remains the development of adequate bioinks31. The bioinks that have been 

used with this fabrication method are numerous and diverse including both natural and synthetic 

materials. Extrusion-based bioprinting often relies on polymeric materials as bioinks that require 

a specific combination of properties to ensure proper printability while also being suitable for 

printing cellularized constructs. To facilitate printing of cellularized constructs, the bioink should 

provide cell binding sites and a hydrophilic environment to mimic the natural extracellular 

matrix. For the printed construct to be implantable and functional after implantation, the bioink 

should maintain desired mechanical properties and should be degradable to allow for cellular 
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remodeling. However, a bioink with all of these properties may not be printable. A printable 

material requires appropriate viscosity and surface tension to maintain its shape upon deposition 

without spreading on the printing surface. Achieving the appropriate viscosity and surface 

tension often requires a cross-linking or phase change mechanism such that the material flows 

through the syringe and nozzle during extrusion and retains its shape after printing32,33. A bioink 

with all of these properties would be ideal for bioprinting applications; but, unfortunately, 

current bioinks tend to compromise on some or all of these characteristics. 

Bioinks that are ideal for incorporating cells, such as collagen and fibrin, tend to exhibit 

weak mechanical properties and poor shape fidelity, they spread upon deposition and do not hold 

their intended geometry34. Bioinks that exhibit high shape fidelity and mechanics, such as gelatin 

methacrylate and polyethylene glycol diacrylate, tend to lack cell binding sites and/or require 

cell-damaging processing techniques32,35. There is currently a great need in the field of 

bioprinting for a material that concurrently exhibits high shape fidelity and printability and cell-

friendliness. 

Collagen has shown promise as a bioink for extrusion-based bioprinting, in part, because of 

its cell-friendly properties such as having cell-binding sites and being enzymatically degradable. 

Collagen also has potential as a bioink due to its well-studied temperature-dependent gelation33 

which allows for the material to flow during extrusion and then form a gel when deposited on a 

warm print surface. However, compared to synthetic and some other natural hydrogels, collagen 

exhibits slower gelation and poor mechanical properties that present challenges for bioprinting 

applications34.  
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Several studies have developed methods to improve collagen bioinks. However, most of 

these methods involve changes external to the collagen bioink itself. Examples include printing 

collagen concurrently with a synthetic polymer scaffold36, printing with a mixture of collagen 

and other polymers37, and printing collagen into a sacrificial support gel38. One study has shown 

that collagen bioinks can be improved by changing a property of the collagen itself, the collagen 

concentration of the bioink. Increasing collagen concentration from 7.5 to 17.5 mg/mL resulted 

in improved shape fidelity of printed constructs39. However, no other studies have investigated 

methods to improve collagen bioink printability without introducing other factors or materials. 

The tunability of collagen hydrogels have been a topic of study for decades and several 

parameters inherent to collagen have been found to influence fibrillogenesis, fiber morphology, 

gelation, and/or mechanics. Such parameters include collagen concentration40,41, gelation 

temperature40,42,43, pepsin treatment44,45, pH46–48, enzymatic crosslinking by lysyl oxidase49 or 

transglutaminase50, photocrosslinking of methacrylated collagen by ultraviolet light51, 

photocrosslinking by light activated riboflavin52,53, and non-enzymatic glycation54–56. Despite all 

this knowledge, except for collagen concentration, none of these parameters have been applied to 

the development of collagen bioink formulations. Additionally, bioinks are intended to contain 

encapsulated cells, however, it is not understood how the incorporation of cells could affect the 

performance of collagen bioinks.  

There remains a need for collagen bioinks with high printability and high cell-friendliness 

that do not require the addition of other materials. The overall goal of this project was to begin to 

investigate how collagen-tuning parameters that do not require additional materials can be used 

to develop improved collagen bioinks that exhibit high shape fidelity, printability, and cell-
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friendliness. This was achieved by first developing a method for screening collagen bioink 

formulations by determining which rheological properties are best able to predict collagen bioink 

printability. This was done by correlating the rheological properties and printability of collagen 

bioinks with blue light activated riboflavin crosslinking and pH variations (Chapter 2). The 

ability to print with cells and for those cells to survive and thrive is a major necessity of 

bioprinting. Therefore, the second aim was to determine how the incorporation of cells affects 

collagen bioink rheology and printability and how the printing process affects cell viability 

(Chapter 3). Lastly, to improve collagen mechanics in a more cell-friendly manner, the effects of 

crosslinking through non-enzymatic glycation of collagen bioinks was investigated (Chapter 4). 

These studies begin to explore how collagen-tuning parameters can be utilized to develop 

improved collagen bioinks for cartilage bioprinting. 

1.3 Aim 1 

Screening collagen bioink formulations for printability by printing constructs and assessing 

shape fidelity is a resource costly and time-consuming process. Studies on other bioink materials 

have used bioink viscosity to inform printability33,57. Bioink viscosity can be assessed through 

rheological studies, which require less material, resources, and time than printing studies. 

However, collagen is a complex material and it is unknown which rheological properties of 

collagen could be used to predict printability. Therefore, the first objective of this project was to 

determine which rheological properties are best correlated with collagen bioink printability. This 

was determined by comparing the rheological properties and printability of collagen bioinks with 

riboflavin crosslinking and pH variations. Riboflavin crosslinking was chosen because it has 

previously been shown to improve the mechanics of collagen hydrogels52 and can be initiated by 
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blue light circumventing the possible cytotoxic effects of ultraviolet light-initiated crosslinking53. 

pH variations were chosen because it has previously been shown that collagen fibrillogenesis is 

highly pH dependent48 and that pH changes affect the final gel mechanics47 and the rate of 

gelation48. These additions to collagen bioink formulations allowed for the investigation of a 

wide variety of rheological properties to determine which are best predictors of bioink 

printability. 

1.4 Aim 2 

The incorporation of cells into hydrogels has been found to result in varying rheological 

findings. The addition of cells, at relatively low concentrations (<10 million cells/mL) has been 

shown to decrease the viscosity of gelatin/alginate58 and gelatin methacrylamide gels59 and to 

increase the viscosity of alginate precursor solutions60. Based on these findings, the effect of 

adding cells, at concentrations relevant to cartilage tissue engineering (1-100 x106 cells/mL)61–63, 

on the rheological properties of collagen bioinks is unclear. Therefore, it remains unknown how 

the incorporation of cells at concentrations relevant to cartilage tissue engineering will affect 

collagen bioink printability. Additionally, the cells that are used in the bioprinting process must 

survive to create a viable construct. A previous study using a similar printer setup found high cell 

viability (>90%) using 10 x106 cells/mL in collagen bioinks. However, the cell viability using 

our specific setup and varying cell concentrations has not been determined. Therefore, the 

second objective of this project was to determine how cell concentration affects the rheology and 

printability of collagen bioinks and how the encapsulated cells respond to the printing process. 

This knowledge can inform the design of collagen bioink formulations with relevant cell 
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concentrations that exhibit high cell viabilities without sacrificing the shape fidelity of the 

printed construct. 

1.5 Aim 3 

Collagen crosslinking can be used to improve the mechanics of collagen bioinks and can be 

achieved using several different methods and techniques. Collagen can be crosslinked through 

enzymatic and non-enzymatic processes. Enzymatic methods include lysyl oxidase and 

transglutaminase. Nonenzymatic crosslinkers include glutaraldehyde64, carbodiimide65, 

riboflavin52,66, and glycation56,67,68. However, except for certain methods of glycation, these 

methods have the risk of being cytotoxic, so they are usually limited to acellular applications or 

applications before cell-seeding. Glycation, particularly pre-glycation, has been shown to be 

more cell-friendly. Additionally, a previous study has shown that cartilage matrix development is 

improved when chondrocytes are encapsulated within pre-glycated collagen compared to non-

glycated collagen69. This improvement could be due to the chondrocytes being more active in the 

glycated collagen or because the glycated collagen was better able to retain the matrix 

components produced by the chondrocytes. This study showed that collagen pre-glycation is an 

effective method for cartilage tissue engineering. However, it is unclear how pre-glycation would 

affect the printability of collagen bioinks. The printability of collagen bioinks and the mechanical 

stability of printed constructs could be improved by creating stiffer glycated collagen gels. The 

stiffness of glycated collagen is controlled by the collagen concentration, sugar concentration, 

and glycation time. Previous studies on the effect of pre-glycation of collagen gels have used low 

collagen concentrations (1 – 3.5 mg/mL)67,68,70–72 and/or low sugar concentrations (50-100 

mM)73,74. These studies have all also only utilized one glycation time (5 days)67,68,70–74. 
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Therefore, the third objective of this project was to determine how pre-glycation with high sugar 

concentrations or extended glycation times affect the mechanics of collagen bioinks. This 

knowledge will allow us to increase collagen mechanics without impairing cell-friendliness. 

1.6 Expected challenges 

All three aims of this work use acid-soluble type I collagen produced in-house from rat tail 

tendons. This collagen source was chosen because rat tails are inexpensive and readily available 

and can be easily dissected and processed at the lab bench. Acid-solubilization was chosen over 

pepsin treatment because the intact telopeptides of acid-solubilized collagen increase the gelation 

kinetics and final gel mechanics. There is inherent variability from individual animal to animal 

which results in variability in collagen stock solutions. This results in variability in the collagen 

bioinks created from these stock solutions. To minimize the effect of this variability either 

reported findings resulted from testing of a single stock collagen batch (Chapters 2 and 3) or 

properties were normalized to the control group from the same stock collagen batch (Chapter 4). 

On a larger manufacturing scale, collagen variability could be addressed by deriving collagen 

from larger tissue sources, such as bovine tendon, to produce larger volumes of stock collagen 

from the same animal. Variability could also be addressed by creating larger stock volumes by 

combining collagen derived from more individual animals and testing the properties of collagen 

isolated from different individual animals. Lastly, variability can be addressed by implementing 

quality control tests during production and making sure collagen stocks meet pre-defined criteria 

before they are used for product manufacturing. 



11 

1.7 References 

1. Cohen, N. P., Foster, R. J. & Mow, V. C. Composition and Dynamics of Articular 

Cartilage: Structure, Function, and Maintaining Healthy State. J. Orthop. Sport. Phys. 

Ther. 28, 203–215 (1998). 

2. Sophia Fox, A. J., Bedi, A. & Rodeo, S. A. The Basic Science of Articular Cartilage: 

Structure, Composition, and Function. Sport. Heal. A Multidiscip. Approach 1, 461–468 

(2009). 

3. Mariani, E., Pulsatelli, L. & Facchini, A. Signaling pathways in cartilage repair. Int. J. 

Mol. Sci. 15, 8667–98 (2014). 

4. Baker, C. L. & Ferguson, C. M. Future Treatment of Osteoarthritis. Orthopedics 28, 

S227–S234 (2005). 

5. Alford, J. W. & Cole, B. J. Cartilage Restoration, Part 1. Am. J. Sports Med. 33, 295–306 

(2005). 

6. Crawford, D. C., DeBerardino, T. M. & Williams, R. J. NeoCart, an autologous cartilage 

tissue implant, compared with microfracture for treatment of distal femoral cartilage 

lesions: an FDA phase-II prospective, randomized clinical trial after two years. J. Bone 

Joint Surg. Am. 94, 979–89 (2012). 

7. Brittberg, M. Cell Carriers as the Next Generation of Cell Therapy for Cartilage Repair. 

Am. J. Sports Med. 38, 1259–1271 (2010). 

8. Kon, E. et al. Matrix-Assisted Autologous Chondrocyte Transplantation for the Repair of 

Cartilage Defects of the Knee. Am. J. Sports Med. 37, 156–166 (2009). 

9. DeLise, A. M., Fischer, L. & Tuan, R. S. Cellular interactions and signaling in cartilage 

development. Osteoarthr. Cartil. 8, 309–334 (2000). 

10. Decker, R. S. Articular cartilage and joint development from embryogenesis to adulthood. 

Semin. Cell Dev. Biol. 62, 50 (2017). 

11. Vinatier, C. & Guicheux, J. Cartilage tissue engineering: From biomaterials and stem cells 

to osteoarthritis treatments. Ann. Phys. Rehabil. Med. 59, 139–144 (2016). 

12. Bryant, S. J. & Anseth, K. S. Hydrogel properties influence ECM production by 

chondrocytes photoencapsulated in poly(ethylene glycol) hydrogels. J. Biomed. Mater. 



12 

Res. 59, 63–72 (2002). 

13. Elisseeff, J. et al. Photoencapsulation of chondrocytes in poly(ethylene oxide)-based semi-

interpenetrating networks. J. Biomed. Mater. Res. 51, 164–171 (2000). 

14. Martens, P. J., Bryant, S. J. & Anseth, K. S. Tailoring the Degradation of Hydrogels 

Formed from Multivinyl Poly(ethylene glycol) and Poly(vinyl alcohol) Macromers for 

Cartilage Tissue Engineering. Biomacromolecules 4, 283–292 (2003). 

15. Hauselmann, H. J. et al. Phenotypic stability of bovine articular chondrocytes after long-

term culture in alginate beads. J. Cell Sci. 107, 17–27 (1994). 

16. Mhanna, R. et al. Chondrocyte Culture in Three Dimensional Alginate Sulfate Hydrogels 

Promotes Proliferation While Maintaining Expression of Chondrogenic Markers. Tissue 

Eng. Part A 20, 1454–1464 (2014). 

17. Abbah, S. A. et al. Extracellular Matrix Stability of Primary Mammalian Chondrocytes 

and Intervertebral Disc Cells Cultured in Alginate-Based Microbead Hydrogels. Cell 

Transplant. 17, 1181–1192 (2008). 

18. Uchio, Y., Ochi, M., Matsusaki, M., Kurioka, H. & Katsube, K. Human chondrocyte 

proliferation and matrix synthesis cultured in Atelocollagen gel. J. Biomed. Mater. Res. 

50, 138–143 (2000). 

19. Malemud, C. J. et al. The proteoglycan synthesis repertoire of rabbit chondrocytes 

maintained in type II collagen gels. Osteoarthr. Cartil. 2, 29–41 (1994). 

20. van Susante, J. L. C. et al. Culture of chondrocytes in alginate and collagen carrier gels. 

Acta Orthop. Scand. 66, 549–556 (1995). 

21. Puetzer, J. L. & Bonassar, L. J. High density type I collagen gels for tissue engineering of 

whole menisci. Acta Biomater. 9, 7787–7795 (2013). 

22. Cohen, B. P. et al. Long-Term Morphological and Microarchitectural Stability of Tissue-

Engineered, Patient-Specific Auricles In Vivo. Tissue Eng. Part A 22, 461–8 (2016). 

23. Hussain, I. et al. Mesenchymal Stem Cell-Seeded High-Density Collagen Gel for Annular 

Repair: 6-Week Results From In Vivo Sheep Models. Neurosurgery 85, E350–E359 

(2019). 

24. Moriguchi, Y. et al. In vivo annular repair using high-density collagen gel seeded with 

annulus fibrosus cells. Acta Biomater. 79, 230–238 (2018). 



13 

25. Pennicooke, B. et al. Annulus Fibrosus Repair Using High-Density Collagen Gel: An In 

vivo Ovine Model. Spine (Phila. Pa. 1976). 1 (2017). 

doi:10.1097/BRS.0000000000002334 

26. Wakitani, S. et al. Repair of Large Full-Thickness Articular Cartilage Defects with 

Allograft Articular Chondrocytes Embedded in a Collagen Gel. Tissue Eng. 4, 429–444 

(1998). 

27. Kawamura, S. et al. Articular cartilage repair: Rabbit experiments with a collagen gel-

biomatrix and chondrocytes cultured in it. Acta Orthop. Scand. 69, 56–62 (1998). 

28. Hotta, T. Dermal fillers: the next generation. Plast. Surg. Nurs. 24, 14–19 (2004). 

29. Pollack, S. V. Some New Injectable Dermal Filler Materials: Hylaform, Restylane, and 

Artecoll. J. Cutan. Med. Surg. 3, S4-27-S4-35 (1999). 

30. Dababneh, A. B. & Ozbolat, I. T. Bioprinting Technology: A Current State-of-the-Art 

Review. J. Manuf. Sci. Eng. 136, 061016 (2014). 

31. Jose, R. R., Rodriquez, M. J., Dixon, T. A., Omenetto, F. G. & Kaplan, D. L. Evolution of 

Bioinks and Additive Manufacturing Technologies for 3D Bioprinting. ACS Biomater. 

Sci. Eng. (2016). doi:10.1021/acsbiomaterials.6b00088 

32. Hospodiuk, M., Dey, M., Sosnoski, D. & Ozbolat, I. T. The bioink: A comprehensive 

review on bioprintable materials. Biotechnol. Adv. (2017). 

doi:10.1016/j.biotechadv.2016.12.006 

33. Carrow, J. K., Kerativitayanan, P., Jaiswal, M. K., Lokhande, G. & Gaharwar, A. K. 

Polymers for bioprinting. in Essentials of 3D Biofabrication and Translation 229–248 

(Academic Press, 2015). doi:10.1016/B978-0-12-800972-7.00013-X 

34. Murphy, S. V., Skardal, A. & Atala, A. Evaluation of hydrogels for bio-printing 

applications. J. Biomed. Mater. Res. - Part A 101 A, 272–284 (2012). 

35. Skardal, A. & Atala, A. Biomaterials for Integration with 3-D Bioprinting. Ann. Biomed. 

Eng. 43, 730–746 (2015). 

36. Shim, J.-H., Kim, J. Y., Park, M., Park, J. & Cho, D.-W. Development of a hybrid scaffold 

with synthetic biomaterials and hydrogel using solid freeform fabrication technology. 

Biofabrication 3, (2011). 

37. Wu, Z. et al. Bioprinting three-dimensional cell-laden tissue constructs with controllable 



14 

degradation. Sci. Rep. 6, (2016). 

38. Hinton, T. J. et al. Three-dimensional printing of complex biological structures by 

freeform reversible embedding of suspended hydrogels. Sci. Adv. 1, 1–10 (2015). 

39. Rhee, S., Puetzer, J. L., Mason, B., Reinhart-King, C. A. & Bonassar, L. J. 3D Bioprinting 

of spatially heterogeneous collagen constructs for cartilage tissue engineering. ACS 

Biomater. Sci. Eng. 2, 1800–1805 (2016). 

40. Yang, Y. L. & Kaufman, L. J. Rheology and confocal reflectance microscopy as probes of 

mechanical properties and structure during collagen and collagen/hyaluronan self-

assembly. Biophys. J. 96, 1566–1585 (2009). 

41. Shayegan, M. & Forde, N. R. Microrheological Characterization of Collagen Systems: 

From Molecular Solutions to Fibrillar Gels. PLoS One 8, 23–28 (2013). 

42. Achilli, M. & Mantovani, D. Tailoring mechanical properties of collagen-based scaffolds 

for vascular tissue engineering: The effects of pH, temperature and ionic strength on 

gelation. Polymers (Basel). 2, 664–680 (2010). 

43. Christiansen, D. L., Huang, E. K. & Silver, F. H. Assembly of type I collagen: Fusion of 

fibril subunits and the influence of fibril diameter on mechanical properties. Matrix Biol. 

19, 409–420 (2000). 

44. Yang, Y. et al. Influence of chondroitin sulfate and hyaluronic acid on structure, 

mechanical properties, and glioma invasion of collagen I gels. Biomaterials 32, 7932–40 

(2011). 

45. Snowden, J. M. & Swann, D. A. The formation and thermal stability of in vitro assembled 

fibrils from acid-soluble and pepsin-treated collagens. BBA - Protein Struct. 580, 372–381 

(1979). 

46. Raub, C. B. et al. Image correlation spectroscopy of multiphoton images correlates with 

collagen mechanical properties. Biophys. J. 94, 2361–73 (2008). 

47. Roeder, B. A., Kokini, K., Sturgis, J. E., Robinson, J. P. & Voytik-Harbin, S. L. Tensile 

mechanical properties of three-dimensional type I collagen extracellular matrices with 

varied microstructure. J. Biomech. Eng. 124, 214–222 (2002). 

48. Li, Y., Asadi, A., Monroe, M. R. & Douglas, E. P. pH effects on collagen fibrillogenesis 

in vitro: Electrostatic interactions and phosphate binding. Mater. Sci. Eng. C 29, 1643–

1649 (2009). 



15 

49. Elbjeirami, W. M., Yonter, E. O., Starcher, B. C. & West, J. L. Enhancing mechanical 

properties of tissue-engineered constructs via lysyl oxidase crosslinking activity. J. 

Biomed. Mater. Res. 66A, 513–521 (2003). 

50. Orban, J. M. et al. Crosslinking of collagen gels by transglutaminase. J. Biomed. Mater. 

Res. 68A, 756–762 (2004). 

51. Drzewiecki, K. E. et al. Methacrylation Induces Rapid, Temperature-Dependent, 

Reversible Self-Assembly of Type-I Collagen. Langmuir 30, 11204–11211 (2014). 

52. Tirella, A., Liberto, T. & Ahluwalia, A. Riboflavin and collagen: New crosslinking 

methods to tailor the stiffness of hydrogels. Mater. Lett. 74, 58–61 (2012). 

53. Ibusuki, S. et al. Photochemically Cross-Linked Collagen Gels as Three-Dimensional 

Scaffolds for Tissue Engineering. Tissue Eng. 13, 1995–2001 (2007). 

54. Girton, T. S., Oegema, T. R. & Tranquillo, R. T. Exploiting glycation to stiffen and 

strengthen tissue equivalents for tissue engineering. J. Biomed. Mater. Res. 46, 87–92 

(1999). 

55. Mason, B. N., Starchenko, A., Williams, R. M., Bonassar, L. J. & Reinhart-King, C. A. 

Tuning three-dimensional collagen matrix stiffness independently of collagen 

concentration modulates endothelial cell behavior. Acta Biomater. 9, 4635–4644 (2013). 

56. Francis-Sedlak, M. E. et al. Characterization of type I collagen gels modified by glycation. 

Biomaterials 30, 1851–1856 (2009). 

57. Hölzl, K. et al. Bioink properties before, during and after 3D bioprinting. Biofabrication 

8, (2016). 

58. Zhao, Y., Li, Y., Mao, S., Sun, W. & Yao, R. The influence of printing parameters on cell 

survival rate and printability in microextrusion-based 3D cell printing technology. 

Biofabrication 7, (2015). 

59. 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 35, 49–62 (2014). 

60. Xu, C. et al. Study of droplet formation process during drop-on-demand inkjetting of 

living cell-laden bioink. Langmuir 30, 9130–9138 (2014). 

61. Diduch, D. R., Jordan, L. C. M., Mierisch, C. M. & Balian, G. Marrow stromal cells 



16 

embedded in alginate for repair of osteochondral defects. Arthrosc. J. Arthrosc. Relat. 

Surg. 16, 571–577 (2000). 

62. Puelacher, W. C. et al. Tissue-engineered growth of cartilage: the effect of varying the 

concentration of chondrocytes seeded onto synthetic polymer matrices. Int. J. Oral 

Maxillofac. Surg. 23, 49–53 (1994). 

63. Chang, S. C. N. et al. Injection molding of chondrocyte/alginate constructs in the shape of 

facial implants. J. Biomed. Mater. Res. 55, 503–511 (2001). 

64. Tian, Z., Liu, W. & Li, G. The microstructure and stability of collagen hydrogel cross-

linked by glutaraldehyde. Polym. Degrad. Stab. 130, 264–270 (2016). 

65. Lv, Q., Hu, K., Feng, Q. & Cui, F. Fibroin/collagen hybrid hydrogels with crosslinking 

method: Preparation, properties, and cytocompatibility. J. Biomed. Mater. Res. Part A 

84A, 198–207 (2008). 

66. Diamantides, N. et al. Correlating rheological properties and printability of collagen 

bioinks: the effects of riboflavin photocrosslinking and pH. Biofabrication 9, 034102 

(2017). 

67. Roy, R., Boskey, A. & Bonassar, L. J. Processing of type I collagen gels using 

nonenzymatic glycation. J. Biomed. Mater. Res. Part A 843–851 (2009). 

doi:10.1002/jbm.a.32231 

68. Mason, B. N. & Reinhart-King, C. A. Controlling the mechanical properties of three-

dimensional matrices via non-enzymatic collagen glycation. Organogenesis 9, 70–75 

(2013). 

69. Roy, R., Boskey, A. L. & Bonassar, L. J. Non-enzymatic glycation of chondrocyte-seeded 

collagen gels for cartilage tissue engineering. J. Orthop. Res. 26, 1434–1439 (2008). 

70. Suh, Y. J. et al. Glycation of collagen matrices promotes breast tumor cell invasion. 

Integr. Biol. (2019). doi:10.1093/intbio/zyz011 

71. Nuhn, J. A. M., Perez, A. M. & Schneider, I. C. Contact guidance diversity in rotationally 

aligned collagen matrices. Acta Biomater. 66, 248–257 (2018). 

72. Carey, S. P., Martin, K. E. & Reinhart-King, C. A. Three-dimensional collagen matrix 

induces a mechanosensitive invasive epithelial phenotype. Sci. Rep. 7, 42088 (2017). 

73. Bordeleau, F. et al. Matrix stiffening promotes a tumor vasculature phenotype. Proc. Natl. 



17 

Acad. Sci. U. S. A. 114, 492–497 (2017). 

74. Wang, W., Miller, J. P., Pannullo, S. C., Reinhart-King, C. A. & Bordeleau, F. 

Quantitative assessment of cell contractility using polarized light microscopy. J. 

Biophotonics 11, e201800008 (2018). 



18 

CHAPTER 2. CORRELATING RHEOLOGICAL PROPERTIES AND PRINTABILITY OF 

COLLAGEN BIOINKS: THE EFFECTS OF RIBOFLAVIN PHOTOCROSSLINKING AND 

PH 

Diamantides, N., Wang, L., Pruiksma, T., Siemiatkoski, J., Dugopolski, C., Shortkroff, S., 

Kennedy, S., & Bonassar, L. Biofabrication 9, 3 (2017) 

2.1 Abstract 

Collagen has shown promise as a bioink for extrusion-based bioprinting, but further 

development of new collagen bioink formulations is necessary to improve their printability.  

Screening these formulations by measuring print accuracy is a costly and time-consuming 

process.  We hypothesized that rheological properties of the bioink before, during, and/or after 

gelation can be used to predict printability.  In this study, we investigated the effects of riboflavin 

photocrosslinking and pH on type I collagen bioink rheology before, during, and after gelation 

and directly correlated these findings to the printability of each bioink formulation.  From the 

riboflavin crosslinking study, results showed that riboflavin crosslinking increased the storage 

moduli of collagen bioinks, but the degree of improvement was less pronounced at higher 

collagen concentrations.  Dots printed with collagen bioinks with riboflavin crosslinking 

exhibited smaller dot footprint areas than those printed with collagen bioinks without riboflavin 

crosslinking.  From the pH study, results showed that gelation kinetics and final gel moduli were 

highly pH dependent and both exhibited maxima around pH 8.  The shape fidelity of printed 

lines was highest at pH 8-9.5.  The effect of riboflavin crosslinking and pH on cell viability was 

assessed using bovine chondrocytes.  Cell viability in collagen gels was found to decrease after 



19 

blue light activated riboflavin crosslinking but was not affected by pH.  Correlations between 

rheological parameters and printability showed that the modulus associated with the bioink 

immediately after extrusion and before deposition was the best predictor of bioink printability.  

These findings will allow for the more rapid screening of collagen bioink formulations. 

2.2 Introduction 

Collagen, a fibrous natural hydrogel that is predominant in almost all biological tissues, has 

shown promise as a bioink for extrusion-based bioprinting1–15.  Collagen is extremely cell-

friendly, possessing natural cell binding sites, being hydrophilic, and having the ability to be 

enzymatically degraded.  It also has potential as a bioink due to its well-studied temperature-

dependent gelation16.  However, compared to synthetic and other natural hydrogels, collagen 

exhibits slower gelation and poor mechanical properties that present challenges for bioprinting15. 

Several studies have developed methods that improve the printability and mechanics of 

collagen bioinks.  Such methods include printing hybrid collagen and synthetic polymer 

constructs3 and printing collagen into a sacrificial support gel2.  Other groups have developed 

methods which do not require additional materials and instead improve printability by altering 

the properties of the collagen hydrogel itself.  For example, our group has shown that the 

printability and mechanics of collagen bioinks can be greatly improved by increasing the 

collagen concentration of the bioink, with print accuracy increasing as the concentration was 

increased from 7.5 to 17.5 mg/mL17. 

Unfortunately, screening collagen bioink formulations by measuring print accuracy is a time 

consuming and resource intensive process.  The ability to predict printability from data that can 
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be obtained from rheological analysis would allow for the more rapid screening of collagen 

bioink formulations.  Rheological analysis can provide information on the bioink’s mechanical 

properties before, during, and after gelation.  However, it is unclear which of these properties are 

the best predictors of printability.  In order to determine which properties are most predictive of 

collagen bioink performance, the testing of several collagen formulations with varying properties 

was performed. 

Collagen hydrogel properties in nonprinted samples have been shown to be easily tailored18–

29.  Studies on collagen hydrogels have shown that gel mechanics can be improved through the 

addition of blue light activated riboflavin crosslinking30.  Several studies have also explored the 

effect of pH on collagen fibrillogenesis and found that fiber morphology24,25,31, gel 

mechanics24,25,31, and fibrillogenesis rates22 are pH dependent.  Despite the documented ability of 

both of these techniques to control collagen gelation, neither has been applied to the 

development of bioinks for tissue printing.  With this is mind, the objectives of this study were to 

1.) determine how blue light activated riboflavin crosslinking affects the mechanics, gelation 

kinetics, and printability of collagen bioinks, 2.) determine how pH variations affect the 

mechanics, gelation kinetics, and printability of collagen bioinks, and 3.) determine the extent to 

which collagen rheological properties before, during, and after gelation can be used to predict the 

printability of collagen bioinks. 



21 

2.3 Methods 

2.3.1 Collagen extraction and hydrogel preparation 

Type I collagen was extracted, as described previously32, from tendons obtained from 

rat tails (BioreclamationIVT, Westbury, NY) and solubilized in 0.1% acetic acid (Sigma, 

St. Louis, MO) at a concentration of 1 g per 150 mL acetic acid for at least 48 hours at 4 

°C.  Solutions were then centrifuged at 9000 rpm for 90 minutes.  The supernatant, 

containing solubilized collagen, was collected, frozen, and lyophilized for at least 96 

hours.  The lyophilized collagen was then reconstituted in 0.1% acetic acid to create a 

stock collagen solution at a concentration of 15 or 30 mg/mL. 

Collagen hydrogels were fabricated by mixing the stock collagen solution with a 

working solution of 1X phosphate buffered saline (PBS) (Corning cellgro, Manassas, 

VA), 10X PBS (Corning cellgro, Manassas, VA), and 1 N NaOH (Avantor, Center 

Valley, PA).  All components were kept on ice before mixing.  In the case of the 

riboflavin study, 2.0 mM riboflavin (Spectrum Chemical MFG Corp, Gardena, CA) in 1X 

PBS was added to the working solution to obtain a final riboflavin concentration of 0.5 

mM and final collagen concentration of 4, 8, or 12 mg/mL.  In the pH study, the final 

collagen concentration was 8 mg/mL and the volumes of 1X PBS and 1 N NaOH in the 

working solution were varied to achieve the desired final pH, which ranged from 6.1 to 

10.1.  For bioprinting assessment, 0.01 mg of fluorescein (Sigma, St. Louis, MO) was 

added to the working solutions of samples without riboflavin to enable high contrast 

imaging. 



22 

2.3.2 Cell isolation 

Primary articular chondrocytes were isolated from the femoral condyles of 1 to 3 day 

old bovids.  The cartilage was digested in a solution of Dulbecco’s Modified Eagle’s 

Medium (DMEM, Corning cellgro, Manassas, VA) with 1% antibiotics (Corning, 

Manassas, VA) and 0.25% collagenase (Worthington Biochemical Corp, Lakewood, NJ) 

for 16-18 hours.  The solution was then filtered through a 100 μm cell strainer and the 

cells were centrifuged at 1500 rpm for 7 minutes.  The supernatant was aspirated and the 

cells were washed twice with 1X PBS with 1% antibiotics and centrifugation at 1500 rpm 

for 5 minutes.  Cells were then resuspended, counted using Trypan blue (Corning cellgro, 

Manassas, VA), and then resuspended in 1X PBS with 1% antibiotics at a desired 

concentration. 

Cells were plated on triple flasks with DMEM with 1% antibiotics and 10% fetal 

bovine serum (FBS, Gemini Bio-Products, West Sacramento, CA) and incubated until 

adherent (4-5 days).  Once adherent, the media was aspirated, cells were washed with 1X 

PBS, and then trypsinized for 5 minutes.  The trypsin (Corning, Manassas, VA) was then 

neutralized with DMEM and the cells were centrifuged at 1500 rpm for 7 minutes.  Cells 

were then counted using Trypan blue and resuspended in 1X PBS with 1% antibiotics at a 

desired concentration. 
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2.3.3 Riboflavin crosslinking study 

2.3.3.1 Rheological characterization 

Rheological characterization was performed on a TA Instruments DHR3 rheometer 

with parallel plate (20 mm diameter) geometry and ultraviolet (UV, 400-500 nm) curing 

accessory for riboflavin crosslinking.  To prevent wall slip during rheological testing, a 

glutaraldehyde-treated coverslip was attached to each plate of the geometry.  20 mm 

diameter round glass coverslips (NeuVitro, Vancouver, WA) were surface activated as 

described by Hall et al33.  Briefly, coverslips were coated with 1% polyethyleneimine 

(PEI, Sigma, St. Louis, MO) for 10 minutes before being rinsed with deionized (DI) 

water.  The coverslips were then coated with 0.1% glutaraldehyde (GA, Sigma, St. Louis, 

MO) for 30 minutes before being rinsed three times with DI water.  Excess liquid was 

aspirated and the coverslips were allowed to dry at room temperature before testing.  

Coverslips were attached to the rheometer geometry using double-sided tape. 

All rheology testing with UV curing was performed at room temperature in 

oscillatory mode at 1 Hz and 0.5% strain with a 1 mm gap.  Collagen stock solutions 

were mixed with working solutions containing riboflavin to a desired final concentration 

(4, 8, or 12 mg/mL) as described above and then loaded onto the rheometer.  Collagen 

solutions and working solutions were kept on ice before mixing to prevent temperature 

induced gelation during testing.  Storage (G’) and loss (G”) moduli of the collagen 

solutions were measured for 30 seconds without UV, followed by 10 seconds with UV, 

and then 30 seconds without UV. 
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2.3.3.2 Bioprinting assessment 

Collagen bioink printability was evaluated using an extrusion-based Fab@Home 3D 

printer from Seraph Robotics with a temperature-controlled print pad.  To assess the 

printability of riboflavin-laden collagen bioinks, dots of various volumes (0.01-0.1 mL) 

were dispensed onto a glass plate held at 37 °C.  Riboflavin-laden collagen solutions 

were prepared as described above and then loaded into a 10 mL syringe which was 

placed in the printer.  The bioink was printed using a 0.25 mm tapered nozzle (Nordson 

EFD, East Providence, RI).  The bioink was exposed to blue light using a LED curing 

device (1200 mW/cm2, Maxima RU1200 LED curing light, Henry Schein Inc, Melville, 

NY) for 10 seconds beginning at the onset of dispensing for each dot.  Immediately after 

printing, dots were imaged under UV light (365 nm, 950 μW/cm2, UVP, Upland, CA) to 

obtain high contrast images which were analyzed using ImageJ and MATLAB.  As a 

control, dots were also printed with fluorescein-laden collagen bioinks and imaged and 

analyzed in the same manner. 

2.3.3.3 Cell viability 

To determine cell viability in the presence of riboflavin crosslinking, collagen 

solutions were mixed with a working solution of 1X PBS containing chondrocytes, 1X 

PBS without chondrocytes, 2.0 mM riboflavin, 10X PBS, and 1 N NaOH to a desired 

final collagen concentration (4, 8, or 12 mg/mL), final cell density of 10x106 cells/mL, 

and final riboflavin concentration of 0.5 mM.  Mixed solutions were then injected into the 

wells of a 24 well plate.  The samples were exposed to blue light using a LED curing 
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device (Henry Schein Inc, Melville, NY) for 10 seconds and then incubated at 37 °C for 

30 minutes.  Control samples were manufactured in the same manner but without 

riboflavin and blue light exposure.  Samples were then removed from the 24 well plate 

and placed in a 12 well plate with DMEM with 1% antibiotics and 10% FBS.  The 

samples were then incubated at 37 °C for 20-24 hours. 

Viability was determined using a Live/Dead assay with ethidium homodimer (Life 

Technologies, Eugene, OR) and calcein AM (Life Technologies, Eugene, OR) solutions.  

8mm punches were taken of each sample and then cut in half to obtain hemicylinders.  

Hemicylinder samples were then placed in a well of a 24 well plate with 1 mL of 1X 

PBS, 0.25 μL of ethidium homodimer solution, and 0.5 μL of calcein AM solution for 30 

minutes and then rinsed in 1X PBS for 5 minutes.  Images of the stained cells were 

obtained using fluorescence microscopy.  Cell viability was quantified using a custom 

MATLAB code developed by our collaborator, Lena R. Bartell34. 

2.3.3.4 Statistics 

The effects of concentration and riboflavin crosslinking were assessed by a two-way 

ANOVA with Tukey HSD post hoc test.  For rheological properties where the effect was 

only seen with riboflavin, a one-way ANOVA was performed with Tukey HSD post hoc 

test.  The correlation between rheological parameters and printability was determined by 

Pearson correlation testing.  Data are reported as mean ± standard deviation unless 

otherwise noted. 
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2.3.4 pH study 

2.3.4.1 Rheological characterization 

Rheological characterization was performed on an Anton-Paar MCR 501 rheometer 

with parallel plate (25 mm diameter) geometry and Peltier plate and hood for temperature 

control.  To prevent wall slip during rheological testing, a glutaraldehyde-treated 

coverslip was attached to each plate of the geometry.  25 mm diameter round glass 

coverslips (Thermo Fisher Scientific, Waltham, MA) were surface activated and attached 

to the geometry as described above in the riboflavin crosslinking study. 

Rheological testing was performed in oscillatory mode at 0.1 Hz and 0.5% strain with 

a 1 mm gap.  The rheometer was brought to 4 °C before the sample was loaded onto the 

plate.  Collagen stock solutions were mixed with working solutions to a desired pH, as 

described above, and then immediately loaded onto the rheometer.  The sample was 

surrounded with mineral oil to prevent dehydration during testing.  G’ and G” of the 

collagen solutions were measured for 5 minutes at 4 °C at which time the temperature 

was raised to 37 °C.  G’ and G” were measured for 60 minutes at 37 °C to ensure that the 

sample was allowed to gel completely. 

2.3.4.2 Bioprinting assessment 

Collagen bioink printability was evaluated using an extrusion-based Fab@Home 3D 

printer from Seraph Robotics with a temperature-controlled print pad.  Collagen stock 

solutions were mixed with fluorescein-laden working solutions to desired pH as 
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described above.  The mixture was then loaded into a 10 mL syringe which was then 

placed in the printer.  The syringe was wrapped with an ice pack during printing to 

prevent gelation within the syringe.  The bioink was printed using a 0.25 mm tapered 

nozzle onto a glass plate held at 37 °C to initiate gelation. 

Three different shapes were printed to assess shape fidelity and printability at varying 

pH levels.  These were a line (0.8 x 50.0 x 0.4 mm), a single layer square (25.0 x 25.0 x 

0.4 mm), and a three-layer square (25.0 x 25.0 x 1.2 mm).  Immediately after printing, 

constructs were imaged under UV light (UVP, Upland, CA) to obtain high contrast 

images.  Images were analyzed using ImageJ and MATLAB to obtain shape fidelity 

measurements. 

2.3.4.3 Cell viability 

To determine cell viability at varying collagen pH, collagen solutions were mixed 

with a working solution of 1X PBS containing chondrocytes, 1X PBS without 

chondrocytes, 10X PBS, and 1 N NaOH to a final collagen concentration of 8 mg/mL, 

final cell concentration of 10x106 cells/mL, and desired pH (~6.5, ~7.5, ~8.3, ~9.5).  

Mixed solutions were then injected into the wells of a 24 well plate and incubated at 37 

°C for 15 minutes.  Samples were then removed from the 24 well plate and placed in a 12 

well plate with DMEM with 1% antibiotics and 10% FBS.  The samples were then 

incubated at 37 °C for 20-24 hours.  Chondrocyte viability was then evaluated and 

quantified as described above in the riboflavin crosslinking study.   
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2.3.4.4 Statistics 

The effect of pH was assessed by a one-way ANOVA with Tukey HSD post hoc test.  

The correlation between rheological parameters and printability was determined by 

Pearson correlation testing.  Data are reported as mean ± standard deviation unless 

otherwise noted. 

2.4 Results 

2.4.1 Riboflavin crosslinking study 

Three phases were observed during rheological testing of collagen bioinks with riboflavin 

crosslinking: an initial plateau phase corresponding to the 30 seconds before UV exposure, a 

growth phase corresponding to the 10 seconds during UV exposure, and a final plateau phase 

corresponding to the 30 seconds after UV exposure (Figure 2.1).  Samples without riboflavin did 

not experience a growth phase due to UV exposure and the moduli remained constant for the 

entire test length.  Several parameters were extracted from this data including the average G’ and 

G” of the collagen solution during the 30 seconds before UV exposure (G’preUV and G”preUV, 

respectively), the average G’ and G” of the collagen during the 30 seconds after UV exposure 

(G’postUV and G”postUV, respectively), the time at which G’ surpassed G” when applicable (tc), and 

the maximum growth rate of G’ and G” during UV exposure when applicable (dG’/dt and 

dG”/dt, respectively).  G” followed the same trends as G’ and is therefore not described here. 



29 

 
Figure 2.1. Representative results of rheological testing of collagen bioink with 

riboflavin indicating how outcome measures were determined. 

 

Rheological testing showed that, before being exposed to UV light, the presence of riboflavin 

did not affect the G’ of the collagen bioink (Figure 2.2A).  However, increasing collagen 

concentration did significantly increase G’, with a 3.5 fold increase from 4 mg/mL to 8 mg/mL 

and a 2.5 fold increase from 8 mg/mL to 12 mg/mL. 

After exposure to UV light, samples containing riboflavin experienced a large increase in G’ 

(Figure 2.2B).  UV light exposure caused a 12 fold increase in G’ in 4 mg/mL bioinks with 

riboflavin, a 7 fold increase in G’ in 8 mg/mL bioinks with riboflavin, and a 3.5 fold increase in 
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G’ in 12 mg/mL bioinks with riboflavin compared to pre-UV exposure levels.  Bioinks without 

riboflavin at all concentrations saw no effect after UV exposure. 

In samples with riboflavin, the maximum growth rate of G’ was measured during UV 

exposure (Figure 2.2C).  This growth rate increased with increasing collagen concentration from 

1.45 Pa/s for 4 mg/mL bioinks, to 3.86 Pa/s for 8 mg/mL bioinks, and to 7.06 Pa/s for 12 mg/mL 

bioinks. 

Bioinks with riboflavin were also found to undergo gelation during UV exposure.  The time 

of gelation was defined as the crossover time when G’ surpassed G”.  The crossover time was 

found to decrease with increasing collagen concentrations (Figure 2.2D).  In 4 mg/mL bioinks, 

gelation occurred 5.75 seconds after the onset of UV exposure, whereas in 8 mg/mL and 12 

mg/mL bioinks, gelation occurred after 3.25 seconds and 1.75 seconds, respectively. 
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Figure 2.2. Rheological properties of collagen bioinks before, during, and after UV light 

exposure with and without riboflavin.  A.) G’ of bioink before UV light exposure. B.) G’ 

of bioink after 10 seconds of UV light exposure.  C.) Maximum growth rate of G’ for s 

samples with riboflavin during UV light exposure.  D.) Crossover time of G’ and G” for 

samples with riboflavin during UV light exposure.  n=3 for all groups. * indicates 

significant difference (p<0.05). 
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The printability of collagen bioinks with and without riboflavin was assessed by measuring 

the footprint area of printed dots of volumes ranging from 0.018 mL to 0.093 mL (Figure 2.3).  

The addition of blue light activated riboflavin crosslinking was found to improve printability, 

resulting in a 10-28% reduction in dot footprint area compared to samples without riboflavin.  

Higher collagen concentrations tended to result in smaller dot footprint areas.  The footprint area 

of dots printed with 12 mg/mL collagen bioinks were 16-28% smaller than those printed with 4 

mg/mL bioinks. 

 
Figure 2.3. Shape fidelity measures of collagen bioinks with and without riboflavin.  

n=3-4 for each group.  Groups without riboflavin are reported as average + standard 

deviation.  Groups with riboflavin are reported as average – standard deviation.  Top inset 

shows representative 8 mg/mL dot printed without riboflavin and bottom inset shows 

representative 8 mg/mL dot printed with riboflavin.  Both were printed with the same 

extrusion volume. Scale bars = 5 mm.  * indicates significant difference (p<0.05) 

between groups with riboflavin and groups without riboflavin.  % indicates significant 

difference (p<0.05) between 4 mg/mL and 8 mg/mL.  # indicates significant difference 

(p<0.05) between 4 mg/mL and 12 mg/mL.  & indicates significant difference (p<0.05) 

between 8 mg/mL and 12 mg/mL. 



33 

Results from rheology and printability testing were paired based on testing conditions 

(collagen concentration, presence of riboflavin) to determine if any rheological parameters were 

correlated with printability.  G’preUV was found to have a moderate negative correlation with dot 

footprint area particularly at high dot volumes, however, the strength of this correlation 

decreased with decreasing dot volume (Figure 2.4A).  G’postUV was found to have a strong 

negative correlation with dot footprint area (Figure 2.4B) with an average correlation coefficient 

of -0.79.  In bioinks with riboflavin, dG’/dt was found to have a strong negative correlation 

(average r = -0.93) with dot footprint area (Figure 2.4C) and the crossover time was found to 

have a strong positive correlation (average r = 0.93) with dot footprint area (Figure 2.4D). 
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Figure 2.4. Correlations between rheological parameters (A.) G’ of bioink before UV 

light exposure, B.) G’ of bioink after UV light exposure, C.) maximum growth rate of G’ 

during UV light exposure in samples with riboflavin, and D.) crossover time of G’ and 

G” in samples with riboflavin) and dot footprint area.  The shade of gray of the data point 

indicates the volume (0.01-0.1 mL) of bioink dispensed with the darkest gray indicating 

the largest volume.  Correlation strengths are reported as Pearson correlation (r) values.  p 

values less than 0.10 are highlighted in orange and p values less than 0.05 are highlighted 

in red. 
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Chondrocytes embedded in collagen hydrogels without blue light activated riboflavin 

crosslinking remained highly viable after 20-24 hours (Figure 2.5).  Cell viability was high 

(>95%) at all collagen concentrations tested.  However, the addition of blue light activated 

riboflavin crosslinking decreased viability to 76-77% (Figure 2.5).  Collagen concentration did 

not influence cell viability with or without riboflavin. 

 
Figure 2.5. Chondrocyte viability in collagen hydrogels with and without riboflavin 

crosslinking.  n=9 samples for all groups.  * indicates significant difference (p<0.05). 

 

2.4.2 pH study 

Four phases were observed during rheological testing of collagen bioinks of varying pH: an 

initial plateau phase during the five minutes the temperature was held at 4 °C, a temporary dip 

after the temperature was increased to 37 °C, a growth phase corresponding to the onset of 

gelation, and a final plateau phase corresponding to complete gelation (Figure 2.6).  Several 

parameters were extracted from the resulting data including the average G’ and G” of the 
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collagen solution at 4 °C (G’0 and G”0, respectively), the average G’ and G” of the collagen after 

complete gelation (measured during the final 20 minutes of testing) at 37 °C (G’∞ and G”∞, 

respectively), the time at which G’ surpassed G” (tc), and the maximum growth rate of G’ and G” 

after the temperature was increased to 37 °C (dG’/dt and dG”/dt, respectively).  G” followed the 

same trends as G’ and is therefore not described here. 

 
Figure 2.6. Representative results of rheological testing of 8 mg/mL collagen bioink in 

the pH study indicating how outcome measures were determined. 

 

pH was found to have the largest effect on the G’∞ and dG’/dt of collagen bioinks.  G’0 of 

collagen bioinks was low at all pH values, ranging between 0.4 and 1.4 Pa (Figure 2.7A).  G’∞ 

was found to depend strongly on pH (Figure 2.7B).  The average G’∞ for the 7.5-8.0 and 8.0-8.5 
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pH ranges were 1,754 Pa and 1,591 Pa, respectively.  These are more than 2 times greater than 

the G’∞ of the control 7.0-7.5 pH range.  G’∞ was found to be lowest at pH levels below the 

control range and at pH levels above 9.5. 

The maximum growth rate of G’ followed similar trends with pH as G’∞ (Figure 2.7C).  The 

highest dG’/dt values were observed in the 7.5-8.0 and 8.0-8.5 pH ranges.  The growth rates in 

these ranges were more than 3 times faster than that of the control pH range.  As with G’∞, 

dG’/dt was found to be slowest at pH levels below the control range and at pH levels above 9.5. 

The crossover time, when G’ surpassed G” and gelation occurred, did not vary greatly with 

pH (Figure 2.7D).  At all pH values below 9.5, tc ranged between 1.3 and 1.8 minutes.  At pH 

greater than 9.5, over twice as much time was needed for gelation to occur than was required for 

bioinks in the 7.0-7.5 pH range. 
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Figure 2.7. Rheological properties of collagen bioinks before, during, and after gelation 

at 37 °C.  A.) G’ of bioink at 4 °C before gelation. B.) G’ of bioink after complete 

gelation at 37 °C.  C.) Maximum growth rate of G’ after the temperature was increased to 

37 °C.  n=3-9 for each group. * indicates significant difference (p<0.05) compared to the 

pH 7.0-7.5 control group. 

 

The printability of collagen bioinks at varying pH was assessed by measuring the shape 

fidelity of printed lines, one layer squares, and three layer squares (Figure 2.8).  Lines printed 
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using collagen bioinks in the 8.0-8.5 and 9.0-9.5 pH range exhibited the highest shape fidelity 

with lines about 14-16% wider than intended (Figure 2.8A).  Lines printed using bioinks in the 

6.5-7.0 and 7.5-8.0 pH ranges exhibited the most spreading with line widths measuring 40-43% 

wider than intended. 

The shape fidelity of both one and three layer squares was high at all pH ranges.  The 

measured square area of one layer squares was found to vary between -6% and +4% of the 

intended square area (Figure 2.8B).  The measured square area of three layer squares was found 

to vary between -1% and +6% of the intended square area (Figure 2.8C). 
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Figure 2.8. Shape fidelity measures of 8 mg/mL collagen bioinks at various pH.  A.) 

Average width of printed lines.  Dashed line indicates intended line width.  n=3-13 for 

each pH group.  Inset shows representative image of printed line.  Scale bar = 5 mm.  B.) 

Error in area of printed 1 layer squares.  n=3-4 for each pH group.  Inset shows 

representative image of printed 1 layer square.  Scale bar = 5 mm.  C.) Error in area of 

printed 3 layer squares. n=2-4 for each pH group.  Inset shows representative image of 3 

layer printed square.  Scale bar = 5 mm.  * indicates significant difference (p<0.05). 
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Results from rheology and line printability testing were paired based on pH range to 

determine if any rheological parameters were correlated with printability.  G’0 was found to have 

a strong negative correlation (r = -0.75) with printed line width error (Figure 2.9A).  G’∞ was 

found to have no correlation with line width error (Figure 2.9B).  The maximum growth rate of 

G’ was also found to have no correlation with line width error (Figure 2.9C).  And the crossover 

time was found to have a weak positive correlation (r = 0.27) with line width error (Figure 2.9D).   
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Figure 2.9. Correlations between rheological parameters (A.) G’ of bioink before 

gelation, B.) G’ of bioink after gelation, C.) maximum growth rate of G’ during gelation, 

and D.) crossover time of G’ and G”) and line width error.  The shade of red of the data 

point indicates the pH with the darkest red indicating the highest pH.  The pH ranges are 

<6.5, 6.5-7.0, 7.5-8.0, 8.0-8.5, and 9.0-9.5.  Correlation strengths are reported as Pearson 

correlation (r) values. 
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Chondrocyte viability did not vary in collagen hydrogels of pH ~6.5, ~7.5, ~8.3, or ~9.5 after 

20-24 hours of incubation.  Cell viability in the hydrogels was high (>93%) for all pH levels 

tested (Figure 2.10). 

 
Figure 2.10. Chondrocyte viability in 8 mg/mL collagen hydrogels of various pH.  n=9 

samples for each group.  No significant differences were found. 

 

2.5 Discussion 

The objectives of this study were to 1.) determine how blue light activated riboflavin 

crosslinking affects the mechanics, gelation kinetics, and printability of collagen bioinks, 2.) 

determine how pH variations affect the mechanics, gelation kinetics, and printability of collagen 

bioinks, and 3.) determine the extent to which collagen rheological properties before, during, and 

after gelation can be used to predict the printability of collagen bioinks.  The results from these 

studies show that riboflavin crosslinking greatly increases the storage moduli of collagen bioinks 

and improves the shape fidelity of printed constructs.  These effects were found to occur at all 
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collagen concentrations tested, but the degree of improvement in shape fidelity and moduli due 

to the addition of riboflavin decreased with increasing collagen concentration.  We also found 

that, in samples containing riboflavin, the growth rate of G’ was faster and the time to achieve 

gelation was shorter at higher collagen concentrations.  When rheological properties were 

correlated with printability measurements, we found that the storage modulus after UV exposure 

was a strong predictor of bioink dot footprint area and that, in bioinks with riboflavin, the growth 

rate and crossover time were also strong predictors of footprint area. 

The results from the pH study show that the storage modulus after gelation and the growth 

rate of the storage modulus during gelation of collagen bioinks are highly dependent on pH.  The 

maximal G’∞ and dG’/dt values were found to occur around pH 8 and were 2-3 times greater 

than those observed in the physiologic pH range.  The storage modulus of the bioink before 

gelation and the crossover time were found to vary little with pH.  G’∞, dG’/dt, and tc were not 

strong predictors of printability.  Rather, the storage modulus of the bioink before gelation was 

the best predictor of bioink printability. 

Combining the findings of the riboflavin and pH studies, we found that the rheological 

properties associated with the bioink during extrusion and immediately before deposition are the 

best predictors of collagen bioink printability and, based on the pH study, the rate of gelation of 

collagen bioinks did not affect printability.  These findings suggest that the best way to improve 

the printability of collagen bioinks is to increase the modulus of the ink before extrusion.  New 

formulations of collagen bioinks should be screened by measuring the storage modulus 

associated with the bioink before deposition.  Other rheological properties, such as gelation rate 

and storage modulus after complete gelation, may not provide much insight into bioink 
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printability, but could still be important for the function of printed constructs.  For example, 

gelation rate could be useful for determining the hold time between printed layers and G’∞ could 

be useful for predicting the mechanical properties of the final printed construct.  A limitation of 

this study is that rheological characterization was performed at only one frequency and shear 

rate.  It is possible that stronger predictors of collagen bioink printability could be determined by 

investigating the effects of varying frequency and shear rate to characterize more complex 

rheological properties, such as shear thickening or shear thinning behavior. 

Our findings support previous work which has found that collagen hydrogels with riboflavin 

crosslinking have increased mechanics compared to those without riboflavin crosslinking.  

Tirella et al.30 found that the elastic modulus of 3 mg/mL collagen gels increased from 2.48 kPa 

to 3.04 kPa after the addition of UV initiated riboflavin crosslinking and the elastic modulus of 5 

mg/mL collagen gels increased from 3.38 kPa to 3.60 kPa after the addition of UV initiated 

riboflavin crosslinking.  Our study was not able to measure the mechanics of the riboflavin 

crosslinked collagen gels after complete gelation at 37 °C, but we did find that collagen bioinks 

experienced a large increase in G’ after riboflavin crosslinking with the G’postUV of 4 mg/mL 

bioinks increasing from 0.54 Pa to 6.68 Pa with the addition of riboflavin.  We found that the 

mechanical enhancement due to riboflavin crosslinking was less pronounced at higher collagen 

concentrations which was also found in the Tirella et al. work.  Based on the Tirella et al. 

findings, it is likely that the difference in G’ between bioinks with and without riboflavin 

crosslinking would be less dramatic after complete gelation at 37 °C, suggesting that riboflavin 

crosslinking of collagen bioinks would provide greater benefits to the bioink’s printability than 

the final construct’s mechanics. 
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We also found that increasing the collagen concentration of collagen bioinks resulted in more 

rapid gelation and higher moduli both before and after riboflavin crosslinking.  Roeder et al.25 

found that increasing collagen concentration from 0.3 mg/mL to 3.0 mg/mL led to a 20 fold 

increase in linear modulus as measured by tensile testing.  Yang and Kaufman28 found that 

increasing collagen concentration from 0.5 mg/mL to 1.5 mg/mL caused the storage modulus of 

the gel after gelation to increase from 1.39 Pa to 13.14 Pa and that the time for gelation to occur 

decreased from 5.8 minutes to 2.6 minutes.  This agrees with our findings that increasing 

collagen concentration from 4 mg/mL to 12 mg/mL led to an increase in G’ before UV exposure 

from 0.5 Pa to 8.6 Pa and that, in samples with riboflavin, the crossover time decreased from 

5.75 seconds to 1.75 seconds.   

This work also supports findings that the kinetics of collagen gelation and gel mechanics are 

pH dependent.  Li et al.22 varied the pH of 2.1 mg/mL collagen hydrogels from 6.6 to 10.5 and 

found that gelation, as measured by turbidity, occurred most rapidly at pH 8.0 and 9.2 and most 

slowly at pH 6.6 and 10.5.  The findings from Li et al. are similar to those in this study where the 

growth rate of G’ was greatest between pH 7.5 and 8.5 and slowest at pH below 7.0 and above 

9.5.  Raub et al.24 found that as the pH of 4 mg/mL collagen gels was increased from 5.5 to 9.0, 

an approximately linear increase in G’ occurred.  We found an approximately linear increase in 

G’ between pH 6 and 7.5.  However, we found a peak in G’ between pH 7.5 and 8.5 which was 

followed by a linear decrease in G’ as the pH increased to 10.  These findings correspond to the 

greater degree of scatter found in the data of Raub et al. between pH 7.5 and 9.0. 

A previous study by Murphy et al.15 that examined the printability of bioinks found about 

+67% error in the measured area of 1 cm x 1 cm squares when printed using a 1.25 mg/mL 
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collagen bioink.  This is drastically higher than the error measured in one layer squares printed at 

any pH in this study, which remained between -6% and +4% error.  This difference is likely due 

to the much greater collagen concentration (8 mg/mL) used in this study.  Rhee et al.17 measured 

20-80% accuracy using 7.5-17.5 mg/mL collagen bioinks.  Our study also found that printability 

improved with increasing collagen concentration, however, different methods were used to 

assess printability in the Rhee et al. and current study so it is difficult to directly compare the 

findings.  But Rhee et al. and this study agree that printability can be improved by increasing 

collagen concentration, though this effect may become muted at higher concentrations. 

No prior studies have directly correlated the relationship between rheological properties and 

printability of collagen bioinks for extrusion bioprinting.  One study35 identified the relationship 

between gelation time and printability of alginate/gelatin bioinks and found that printability 

decreased at slower gelation times.  In collagen bioinks containing riboflavin, we also found that 

printability decreased at slower gelation times.  However, measures of gelation kinetics were not 

strongly correlated with printability in collagen bioinks of varying pH.  Other groups have shown 

that increasing alginate bioink viscosity tends to improve shape fidelity unless the bioink 

becomes so viscous as to not be able to be extruded during printing36,37.  These findings support 

our conclusion that bioink G’ immediately before deposition is the best predictor of collagen 

bioink printability, with better printability associated with higher G’ values.  As with the 

viscosity of alginate based bioinks, it is likely that there is an upper limit on collagen bioink G’ 

that would result in poor printability when surpassed.  This limit was not reached in this study, 

but Rhee et al. found that printability decreased when the bioink collagen concentration was 

increased from 17.5 mg/mL to 20 mg/mL, which supports the idea that there is an upper limit on 

what values of G’ are printable. 
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We found that cell viability decreased from approximately 95% to 75% with the addition of 

blue light activated riboflavin crosslinking.  This decrease is likely due to the high concentration 

of riboflavin (0.5 mM) used in this study.  Ibusuki et al.38 found that chondrocyte viability 

decreased to less than 80% with the addition of 0.5 mM riboflavin, however, they found that 

there was no decrease in cell viability when 0.25 mM riboflavin was added.  This suggests that 

an intermediate riboflavin concentration may be preferred to guarantee both high cell viability 

high mechanical properties.  Ibusuki et al. also found that cell viability was dependent on blue 

light exposure time.  Therefore, future studies could investigate tuning riboflavin concentration 

and blue light exposure time to optimize cell viability while still obtaining improved printability.  

However, it is important to note that the length of exposure time may exceed the print time 

which could require changes to the printing process to facilitate the necessary exposure time. 

Surprisingly, pH variations were found to have no effect on chondrocyte viability in collagen 

gels.  Wu et al.39 found that the viability of chondrocytes embedded in agarose gels remained 

high (>94%) throughout 7 days of culture in media with pH 6.6.  This suggests that chondrocytes 

have a tolerance for slightly acidic conditions and that the 15 minutes spent at pH 6.5 for our 

study likely had minimal effect on the cells.  The high cell viability found after 24 hours at all pH 

levels is likely a result of the fact that cell-seeded collagen gels were moved to neutral pH cell 

growth media after 15 minutes, which likely brought the pH of the gel to approximately neutral 

for the remainder of the sample culture time.   
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2.6 Conclusions 

This study found that blue light activated riboflavin crosslinking dramatically increases the 

storage modulus of collagen bioinks even before the bioink is brought to 37 °C and improves the 

printability of the bioink.  The gelation kinetics and final storage moduli of collagen bioinks are 

highly pH dependent, though these factors did not appear to have a strong effect of bioink 

printability.  Rather, this study identified that the best predictor of collagen bioink printability is 

storage modulus of the bioink during deposition.  This knowledge will allow for the more rapid 

and cost-effective screening of future collagen bioink formulations. 
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2.9 Supplemental information 

Confocal reflectance imaging of collagen fiber morphology 

Collagen fiber morphology of printed constructs was visualized using confocal reflectance 

microscopy.  For the riboflavin crosslinking study, riboflavin-laden collagen gels at 4, 8, or 12 

mg/mL concentrations were prepared as described in the Methods section.  Dots of 0.093 mL 

were then printed with blue light exposure as described in the Methods section onto glass 

microscope slides at 37 °C and incubated at 37 °C for one hour.  Collagen fibers were then 

imaged using a confocal microscope (Zeiss LSM710) with a 488 laser in reflectance mode.  

Representative images are shown in Figure 2.S 1. 

For the pH study, collagen gels at 8 mg/mL and desired pH were prepared as described in the 

Methods section.  Three layer squares were then printed as described in the Methods section onto 

glass microscope slides at 37 °C and then incubated at 37 °C for one hour.  Collagen fibers were 

then imaged using a confocal microscope (Zeiss LSM710) with a 488 laser in reflectance mode.  

Representative images are shown in Figure 2.S 2. 
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Figure 2.S 1. Confocal reflectance images of printed collagen hydrogels with and 

without riboflavin showing that collagen fibers were formed in the presence of riboflavin.  

Scale bar = 10 μm. 
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Figure 2.S 2. Confocal reflectance images of printed 8 mg/mL collagen hydrogels at 

various pH showing that fibers formed in all pH conditions with fibers appearing to 

increase in size with increasing pH.  Scale bar = 10 μm. 
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CHAPTER 3. HIGH DENSITY CELL SEEDING AFFECTS THE RHEOLOGY AND 

PRINTABILITY OF COLLAGEN BIOINKS 

Diamantides, N., Dugopolski C., Blahut, E., Kennedy, S., & Bonassar L. Biofabrication 

(published online ahead of print, July 25, 2019) 

3.1 Abstract 

An advantage of bioprinting is the ability to incorporate cells into the hydrogel bioink 

allowing for precise control over cell placement within a construct. Previous work found that the 

printability of collagen bioinks is highly dependent on their rheological properties. The effect of 

cell density on collagen rheological properties and, therefore, printability has not been assessed. 

Therefore, the objective of this study was to determine the effects of incorporating cells on the 

rheology and printability of collagen bioinks. Primary chondrocytes, at densities relevant to 

cartilage tissue engineering (up to 100x106 cells/mL), were incorporated into 8 mg/mL collagen 

bioinks. Bioink rheological properties before, during, and after gelation as well as printability 

were assessed. Cell-laden printed constructs were also cultured for up to 14 days to assess 

longer-term cell behavior. The addition of cells resulted in an increase in the storage modulus 

and viscosity of the collagen before gelation. However, the storage modulus after gelation and 

the rate of gelation decreased with increasing cell density. Theoretical models were compared to 

the rheological data to suggest frameworks that could be used to predict the rheological 

properties of cell-laden bioinks. Printability testing showed that improved printability could be 

achieved with higher cell densities. Fourteen-day culture studies showed that the printing process 

had no adverse effects on the viability or function of printed cells. Overall, this study shows that 
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collagen bioinks are conducive to bioprinting with a wide range of cell densities while 

maintaining high printability and chondrocyte viability and function. 

3.2 Introduction 

Extrusion bioprinting allows for the incorporation of cells into bioinks and for precise control 

of cell placement within tissue engineered constructs. Because cells can be mixed directly into 

the bioink, extrusion bioprinting provides the flexibility to create complex constructs with 

varying cell densities or different cell types in different regions of the construct 1–3. Extrusion 

bioprinting also allows for the creation of geometrically complex constructs with high resolution. 

However, the print resolution of this process is in part dependent on the properties of the bioink 

being used. 

The print resolution that can be achieved with a given bioink is often measured as a surrogate 

quantification for bioink printability. The print resolution and, therefore, printability of the 

bioink are known to be highly dependent on the bioink’s rheological properties 4–11. However, it 

is unclear what effect the incorporation of cells has on bioink rheological properties. The effect 

of cells on bioink rheology is of particular importance for extrusion bioprinting where 

rheological properties prior to gelation are important for print resolution and mechanical 

properties after gelation are important for implant performance.  

Previous studies have shown that the addition of cells has varying effects on a biomaterial’s 

rheological properties. For example, the addition of 1 million cells/mL to gelatin/alginate 

biomaterials was found to decrease the storage modulus in the gelled state 12. The addition of 

cells to gelatin methacrylamide biomaterials also resulted in a decreased storage modulus and 
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viscosity 13. However, in the non-crosslinked or non-gelled states, the results are less consistent. 

For example, cell-laden gelatin methacrylamide biomaterials in the non-gelled state exhibit 

decreased viscosity compared to acellular biomaterials 13. But, non-crosslinked cell-laden 

alginate biomaterials exhibit increased viscosity and storage modulus compared to acellular 

formulations 14. Only one study has specifically investigated the effects of adding cells to the 

printability of a bioink. Adding 1.5 million cells/mL to gelatin methacrylamide resulted in 

increased diameters of printed struts (i.e. decreased printability) 13. 

However, all these studies on the effect of adding cells to biomaterials have used relatively 

low cell densities (0.5-10 million cells/mL). Tissue engineering applications utilize a much wider 

range of cell densities. Cartilage tissue engineering, in particular, has traditionally used a large 

range of cell densities from 1 million to 100 million cells/mL 15–17. Cartilage tissue engineering 

utilizing 25 million cells/mL in a collagen biomaterial has been shown to be effective for 

producing menisci and auricles 18,19. Unfortunately, no studies have investigated the effects of 

cell densities relevant to cartilage tissue engineering, on the order of 25 million to 100 million 

cells/mL, on the rheological properties of biomaterials or the printability of bioinks. 

A common biomaterial for use in cartilage tissue engineering is collagen. Collagen is a 

promising bioink 20,21 and is well-suited for cartilage tissue engineering due to its natural cell 

binding sites, ability to be enzymatically degraded, and temperature-dependent gelation. When 

kept at 4 °C, collagen remains in solution form and can be easily extruded during bioprinting. If 

the print surface is held at 37 °C, the collagen will form a solid hydrogel upon deposition and 

maintain the intended bioprinted shape 1. The printability of collagen bioinks depends on their 

rheological properties before gelation when the collagen is still in the solution phase 4. Due to the 
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low viscosity of most collagen bioinks, in several studies, they have been combined with other 

biomaterials to improve the printability 22,23. The printability of collagen bioinks can also be 

improved by increasing the collagen concentration 1. Unfortunately, few studies have focused on 

characterizing the rheological properties of high concentration (>5 mg/mL) collagen gels used 

for cartilage tissue engineering. Further, the effect of adding cells at densities relevant to 

cartilage tissue engineering on the rheological properties and printability of collagen bioinks is 

unknown. Therefore, the first objective of this study was to determine how collagen bioink 

rheology and printability are affected by the addition of cell densities up to 100 million cells/mL. 

Additionally, there is a need for a theoretical model of the rheological properties of cell-laden 

biomaterials that applies to various cell densities, cell types, and material types that could be 

used to predict the rheological behavior of cell-laden bioinks. Classical theories of composites 

have yet to be applied to the rheology of bioink formulations. Therefore, we applied several 

classical models, including the rule of mixtures, Einstein’s formula of viscosity 24, Taylor 

correction 25, and the Christensen model 26, to our rheological findings to determine which best 

described the behavior of cell-laden collagen bioinks. 

Understanding or predicting how the addition of cells influences the rheological properties 

and printability of a bioink is only useful if these cells survive and thrive after the bioprinting 

process. A previous study found that chondrocyte viability remained high after bioprinting with 

collagen bioinks at a cell density of 10 million cells/mL and collagen concentrations up to 17.5 

mg/mL 1. We therefore expect similar outcomes when bioprinting with an 8 mg/mL collagen 

bioink with our bioprinter setup. We also want to determine that these chondrocytes are 

functioning properly after being bioprinted which can be assessed as the ability to remodel the 
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matrix and produce glycosaminoglycans 18. Therefore, the second objective of this study was to 

determine how the bioprinting process affects the viability and function of encapsulated 

chondrocytes. 

3.3 Materials and methods 

3.3.1 Cell isolation 

Chondrocytes were extracted from the cartilage of neonatal bovids as described 

previously 4,17. Femoral condyles were chopped and then digested for 16-18 hours in 

Dulbecco’s modified eagle’s medium (DMEM, Corning cellgro, Manassas, VA) 

containing 0.25% collagenase (Worthington Biochemical Corp, Lakewood, NJ), 100 

units/mL penicillin (Corning, Manassas, VA), 100 µg/mL streptomycin (Corning, 

Manassas, VA), and 0.25 µg/mL amphotericin B (Corning, Manassas, VA). After 

digestion, the solution was centrifuged, rinsed with 1X phosphate buffered saline (PBS, 

Corning cellgro, Manassas, VA), and cells were counted using Trypan blue (Corning 

cellgro, Manassas, VA). Cells were used immediately for rheology and printability 

testing. For extended culture, cells were first plated on triple flasks with DMEM with 100 

units/mL penicillin, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin B, and 10% fetal 

bovine serum (FBS, Gemini Bio-Products, West Sacramento, CA) for 5-7 days. This 

allowed the cells to become adherent so that dead cells could be rinsed away. Once 

adherent, cells were trypsinized (Corning, Manassas, VA) and counted using Trypan 

blue. 
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3.3.2 Bioink preparation 

Type I collagen was extracted from the tendons of rat tails (BioreclamationIVT, 

Westbury, NY) and solubilized in 0.1% acetic acid as previously described 27. Briefly, 

isolated tendons were soaked in 0.1% acetic acid (Sigma, St. Louis, MO) at a concentration 

of 1 g per 150 mL acetic acid for at least 48 hours at 4 °C. This solution was then centrifuged 

for 90 minutes at 9000 rpm and the resulting supernatant was collected, frozen, and 

lyophilized for at least 96 hours. Once lyophilized, collagen was reconstituted in 0.1% acetic 

acid at a concentration of 15 mg/mL to create a stock collagen solution. 

Collagen bioinks were prepared by mixing the stock collagen solution with a working 

solution of 1X PBS, 10X PBS (Corning cellgro, Manassas, VA), and 1 N NaOH (Avantor, 

Center Valley, PA) and then mixing with the desired number of chondrocytes. The final 

collagen concentration was 8 mg/mL and the final cell densities were 0, 5x106, 10x106, 

25x106, or 100x106 cells/mL corresponding to a cell volume fraction of 0-0.18. 

3.3.3 Rheology 

Rheological measurements of collagen bioinks before, during, and after gelation were 

obtained as previously described 4. Briefly, 25 mm glutaraldehyde-treated coverslips 28 were 

attached to the parallel plates of an Anton-Paar MCR 501 rheometer. Testing was performed 

at 0.1 Hz and 0.5% strain with a 1 mm gap. Collagen bioinks with final cell densities of 0, 

5x106, 10x106, 25x106, or 100x106 cells/mL were prepared as described above and then 

loaded onto the rheometer with mineral oil to prevent dehydration. A time sweep experiment 
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was performed with the storage modulus (G’) and loss modulus (G”) measured for 5 minutes 

at 4 °C followed by 30 minutes at 37 °C.  

The rheology of polymer solutions used as bioinks is dependent on a wide variety of 

properties and includes phenomena such as shear thinning, yield stress, and recovery after 

yield, all of which may affect printability 9,10. As such, the shear thinning behavior, yield 

stress, and recovery time of collagen bioinks with varying cell densities were also 

determined. These tests were performed on the collagen bioink prior to gelation, as this is the 

state of the bioink when it is extruded during the printing process. These tests were 

performed on a TA Instruments DHR3 rheometer using glutaraldehyde-coated coverslips 

attached to the parallel plate geometry. All tests were conducted at 4°C. To determine the 

shear thinning behavior, a frequency sweep was performed from 0.01 to 10 Hz. The resulting 

data was fit to the power law equation 10 to determine the consistency index (K) and flow 

mode (n) of collagen bioinks, where the power law equation is  

 

and where η is viscosity and  is the shear rate. Yield stress was measured by performing a 

shear stress sweep from 0.01 to 100 Pa. The yield stress was determined as the stress at the 

intersection between a horizontal line fit to plateau region before yielding and a line fit to the 

yielding region 10. The plateau viscosity was determined as the average viscosity of the 

plateau region. Recovery time was determined by first applying an oscillatory shear of 0.5% 

strain and 0.1 Hz for 5 minutes, then applying a flow mode shear at 100 Hz for 10 seconds, 

and then returning to an oscillatory shear of 0.5% strain and 0.1 Hz for 5 minutes. Recovery 
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time was defined as the amount of time required for the bioink to return to pre-stress 

viscosity after the 100 Hz shearing stopped. 

3.3.4 Printability 

Bioink printability was assessed using a Fab@Home extrusion-based 3D printer (Seraph 

Robotics, Ithaca, NY). Collagen bioinks were prepared as described above with 0-100x106 

cells/mL and the addition of 0.01 mg fluorescein (Sigma, St. Louis, MO) to enable high 

contrast imaging. The solution was then loaded into a 10 mL syringe that was surrounded 

with ice packs during the printing process to prevent early gelation of the collagen. All 

printing was performed using a 0.25 mm tapered nozzle (Nordson EFD, East Providence, RI) 

onto a glass slide held at 37 °C. Continuous lines with alternating directions consisting of 5 

vertical struts of 20 mm in length with 5 mm horizontal spacing were printed to show the 

deposition of continuous filaments with changes in direction. Dots (0.01-0.09 mL) and lines 

(50 mm length) were printed to assess bioink printability. Images of the dots and lines were 

acquired under UV light and were analyzed using ImageJ and MATLAB to determine the 

footprint area of printed dots and average width of printed lines. 

3.3.5 Construct bioprinting 

Square (25.0 x 25.0 x 1.5 mm) constructs were printed using the same system described 

above using 8 mg/mL collagen and 10x106 cells/mL. Cell-laden collagen bioinks were 

loaded into a 10 mL syringe that was surrounded with ice packs during the printing process. 

Square constructs were printed directly onto a sterile petri dish held at 37 °C that was 
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transferred to an incubator immediately after printing. Constructs were left in the incubator 

for 30 minutes to ensure complete gelation and then were covered with DMEM with 200 

units/mL penicillin, 200 µg/mL streptomycin, 0.5 µg/mL amphotericin B, and 10% FBS. 

Constructs were cultured for up to 14 days with media changes every 1-2 days. 

3.3.6 Viability 

Chondrocyte viability was assessed on days 0, 1, 3, 7, and 14. Hemicylinder samples 

were obtained by bisecting 8 mm punches taken from bioprinted squares. These hemicylinder 

samples were then stained using 0.5 μL calcein AM (Life Technologies, Eugene, OR) and 

0.25 μL ethidium homodimer (Life Technologies, Eugene, OR) per 1 mL of 1X PBS for 30 

minutes. Samples were then rinsed with 1X PBS for 5 minutes before being imaged using 

fluorescence microscopy. A cell counting MATLAB code was used to quantify live and dead 

cells 29. 

3.3.7 Shape retention 

Shape retention of bioprinted squares was assessed to determine construct contraction 

with time in culture. Gross images of bioprinted squares were obtained on days 0, 1, 3, 5, 7, 

9, 11, 13, and 14. These images were analyzed using GIMP and ImageJ to determine 

construct area. 
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3.3.8 Biochemistry 

Biochemical analyses were performed on day 0, 7, and 14 samples. Hemicylinder 

samples were obtained by bisecting 8 mm punches taken from bioprinted squares. The 

resulting hemicylinders were frozen, lyophilized, and weighed to determine dry weight. 

Samples were then digested in 1 mL of 0.125 mg/mL papain solution for 12-16 hours at 60 

°C. After digestion, DNA content was quantified using the Hoechst DNA assay and sulfated 

glycosaminoglycan (sGAG) content was quantified using a dimethylmethylene blue assay, as 

previously described 30,31. DNA and sGAG content are reported as normalized to sample dry 

weight. 

3.3.9 Statistics 

The effects of cell density on rheological properties were assessed using a one-way 

ANOVA with Tukey HSD post hoc test, except in the case of the storage modulus before 

gelation where normality and equal variance assumptions were not met. For this case, the 

effect of cell density was assessed using a Kruskal-Wallis test with Dunn post hoc test with 

Bonferroni correction with comparisons to acellular controls. The effects of cell density and 

volume deposited on the printability of printed dots were assessed by one-way ANCOVA. 

The effect of cell density on the printability of printed lines was determined by one-way 

ANOVA with Tukey HSD post hoc test. The effect of culture time on viability, shape 

retention, and biochemical properties were assessed by one-way ANOVA with Tukey HSD 

post hoc test. Data are reported as mean ± standard deviation unless otherwise stated. 
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3.4 Results 

3.4.1 Rheology 

From time sweep experiments, 4 parameters of rheological properties were extracted: G’ of 

the bioink before gelation (G’0), G’ of the bioink after complete gelation (G’∞), the growth rate 

of G’ (dG’/dt), and the crossover time (tc) (Figure 3.1). G’0 was calculated as the average storage 

modulus during the 5 minutes of testing at 4 °C when the collagen remained in the solution 

phase. G’∞ was calculated as the average storage modulus during the final 20 minutes of testing 

at 37 °C after the collagen had undergone complete gelation. dG’/dt was calculated as the 

maximum growth rate of the storage modulus after the temperature was raised to 37 °C and the 

collagen had started to gel. tc was calculated as the time when the storage modulus surpassed the 

loss modulus and the collagen transitioned from a liquid to a solid. Parameters for G” followed 

the same trends as G’ and are provided in the supplemental materials (Supp. Figure 3.S 1). 
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Figure 3.1. Representative results of rheological testing of 8 mg/mL collagen bioinks. 

Labels indicate how outcome measures were determined. 

 

Rheological testing showed that the addition of cells to collagen bioinks in the solution phase 

increased the storage modulus. G’ increased from 0.3 Pa for acellular controls to 0.7 Pa for 

collagen bioinks with 100 million cells/mL, a 133% increase (p<0.05 by Kruskal-Wallis test) 

(Figure 3.2A). Conversely, the addition of cells decreased the rheological properties of the 

collagen after gelation. G’ after gelation for acellular controls averaged 413 Pa but samples with 

100 million cells/mL only reached 314 Pa, a 24% reduction (p<0.01 by one-way ANOVA) 

(Figure 3.2B). A similar trend was seen for the growth rate of the storage modulus. The growth 

rate slowed from 5.2 Pa/s for acellular controls to 3.4 Pa/s for collagen bioinks with 100 million 

cells/mL, a 35% reduction (p<0.01 by one-way ANOVA) (Figure 3.2C). Despite this significant 

reduction in gelation kinetics, the crossover time of G’ and G” did not change significantly with 

cell density. The crossover time remained between 1.5 and 2 minutes for all conditions tested 

(Figure 3.2D). 
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Figure 3.2. Rheological properties of collagen bioinks before, during, and after 

temperature-induced gelation with cell densities of 0, 5, 10, 25, and 100 million cells/mL. 

A.) G’ of bioink at 4 °C before gelation. B.) G’ of bioink after complete gelation at 37 

°C. C.) Maximum growth rate of G’ after the temperature was increased to 37 °C. D.) 

Crossover time of G’ and G” after the temperature was increased to 37 °C. n = 3-7 for 

each group. * indicates significant difference from acellular controls (p<0.05 by Kruskal-

Wallis for A). Different letters indicate significant differences (p<0.05 by one-way 

ANOVA for B, C, and D). 
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All collagen bioink formulations exhibited shear thinning behavior regardless of cell density 

(Figure 3.3A). At a low frequency (0.01 Hz) bioinks had viscosities around 8 Pa-s and thinned to 

around 0.7 Pa-s at a high frequency (10 Hz). When these curves were fit to the power law 

equation, the shear thinning coefficients, K and n, did not vary with cell density (Table 3.1). 

Three range values can be defined for n: n<1 for shear thinning behavior, n=1 for Newtonian 

behavior, and n>1 for shear thickening behavior 32. For all cell concentrations, n was less than 1 

indicating that all bioink formulations displayed shear thinning behavior. 

All bioink formulations displayed a yield point with increasing shear stress (Figure 3.3B). 

Collagen bioinks yielded at slightly lower stresses with increasing cell density, with acellular 

bioinks yielding at 1.52 Pa and bioinks with 100 million cells/mL yielding at 0.744 Pa. 

Additionally, similar to the trend seen in storage modulus before gelation, the viscosity of the 

bioink at stresses less than the yield stress was greater with increasing cell densities. Acellular 

bioinks had a viscosity of 23.0 Pa-s and bioinks with 100 million cells/mL had a viscosity of 

43.7 Pa-s, a 90% increase (Table 3.1). 

Collagen bioinks with and without cells exhibited quick recovery following shearing at a 

high frequency (Figure 3.3C). Bioinks had viscosities around 7 Pa-s before shearing at a high 

frequency. The viscosity dropped to around 0.4 Pa-s at a high frequency but quickly recovered to 

7 Pa-s when the frequency was lowered to 0.1 Hz. The time to recover did not change much with 

cell density with all formulations recovering within 10-35 seconds (Table 3.1). 
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Figure 3.3. Rheological characterization of collagen bioinks in solution state with cell 

densities of 0, 5, 10, 25, and 100 million cells/mL. A.) Representative data of bioink 

shear thinning behavior from 0.01 to 10 Hz. B.) Representative data of bioink yield 

stress. C.) Representative data of bioink recovery time.  
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Table 3.1. Summary of bioink rheological characterization for collagen bioinks with cell 

densities of 0, 5, 10, 25, and 100 million cells/mL. K and n are shear thinning coefficients 

derived by fitting the data in the viscosity versus frequency plots to the power law 

equation. Yield stress was determined as the stress at the intersection between the plateau 

region and linear region of the viscosity versus shear stress plots. Plateau viscosity is the 

average viscosity of the plateau region of the viscosity versus shear stress plots. Recovery 

time is the time for the bioink to return to pre-stress viscosity after shearing at 100 Hz 

was stopped and the frequency was returned to 0.1 Hz. n=3 tests per cell concentration. 

 

3.4.2 Printability 

Bioink formulations with cell densities from 0 to 100 million cells/mL were all printed 

successfully. The ability to print continuous lines with changes in direction was exhibited by all 

bioink formulations (Figure 3.4A).  

Dot printing showed that the volume extruded was proportional to the resulting footprint 

areas of printed dots (Figure 3.4B), which is consistent with a previous study 4. Printability was 

assessed, in part, as the amount of spread of printed dots (i.e. dots with smaller areas for a given 

volume extruded have better printability than those with larger footprint areas). 

Dot printing studies using collagen bioinks with varying cell densities showed that the linear 

relationship between dot footprint area and volume extruded was conserved for all cell densities. 
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Although pairwise comparisons were not statistically different; overall, dots printed with bioinks 

containing 25 and 100 million cells/mL were smaller in area than those printed with acellular 

bioinks (Figure 3.4B). For example, 0.084 mL dots had average footprint areas of 84 mm2 and 90 

mm2, for 100 million cells/mL and acellular bioinks, respectively. ANCOVA analysis of this 

data determined that the slopes of the linear fits were the same for all cell densities, but that the 

intercepts (i.e. the elevation of the curves) for 25 and 100 million cells/mL bioinks were lower 

than that of acellular controls (p<0.05). These data suggest that finer resolution and improved 

printability could be achieved with collagen bioinks with higher cell densities. This observation 

is consistent with a previous study 4 that bioinks with higher storage moduli before gelation 

result in improved printability. 

Line printing studies using collagen bioinks with varying cell densities also showed that high 

cell densities resulted in improved printing resolution (Figure 3.4C). Collagen bioinks with cell 

densities of 5, 25, and 100 million cells/mL resulted in printed lines with significantly smaller 

widths than those printed with acellular bioinks. Lines printed with acellular bioinks had widths 

around 1.2 mm whereas lines printed with bioinks containing 100 million cells/mL had widths 

around 0.8 mm, a 33% improvement in print resolution. 
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Figure 3.4. Printability measures of collagen bioinks with cell densities of 0, 5, 10, 25, 

and 100 million cells/mL. A.) Representative images of printed constructs showing 

deposition of continuous filament. Scale bar = 10 mm.  B.) Footprint areas of printed 

dots. n = 7-8 for each group. Linear models showed no difference in the slopes of fitted 

lines but did show that intercepts for 25 and 100 million cells/mL groups were 

significantly lower than that of acellular controls (p<0.05). Top inset shows 

representative dot printed with 0 cells/mL and bottom inset shows representative dot 

printed with 100 million cells/mL. Both dots were printed with the same extrusion 

volume. Scale bars = 5 mm. C.) Widths of printed lines. n=10-17 for each group. 

Different letters indicate significant differences (p<0.05). Left inset shows representative 

line printed with 0 cells/mL and right inset shows representative line printed with 100 

million cells/mL. Scale bars = 5 mm. 
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3.4.3 Viability 

Live/dead stains were performed to determine the viability of chondrocytes immediately after 

bioprinting and up to 14 days in culture. For these tests, all bioprinted constructs were fabricated 

using collagen bioinks containing 10 million cells/mL. Viability was found to be high (>90%) on 

day 0 and viability remained high throughout the 14 days in culture (Figure 3.5). This suggests 

that the shear stresses applied to the cells during the bioprinting process are not high enough to 

cause cell death. 
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Figure 3.5. Chondrocyte viability in collagen bioprinted constructs after bioprinting. All 

samples fabricated using collagen bioinks with 10 million cells/mL. n = 3-8 samples per 

time point. No significant differences were found. Left panel shows representative 

images of live/dead stains for day 0, 1, 3, 7, and 14 constructs. Live cells are stained 

green and dead cells are stained red. Scale bars = 0.5 mm.  
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3.4.4 Shape retention 

The area of bioprinted constructs was measured throughout the 14 days in culture for 

constructs fabricated using collagen bioinks containing 10 million cells/mL (Figure 3.6). The 

area was generally maintained during the first 9 days in culture with less than 5% change in area 

from day 0 (p>0.90 by one-way ANOVA). However, by days 11 to 14, significant contraction 

had occurred, resulting in constructs with 84-85% of their initial area (p<0.01, compared to day 0 

by one-way ANOVA). This observation is consistent with previous studies demonstrating that 

embedded chondrocytes actively remodel the collagen matrix during extended in vitro culture 18. 

 
Figure 3.6. Construct area normalized to area on day 0 with time in culture. All samples 

fabricated using collagen bioinks with 10 million cells/mL. n = 6 squares per time point. 

* indicates significant difference from day 0 (p<0.05). Top image shows representative 

image of construct on day 0 and bottom image shows representative image of the same 

construct on day 14. Scale bars = 10 mm.  
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3.4.5 Biochemistry 

The biochemical content of bioprinted constructs was measured on days 0, 7, and 14 for 

constructs fabricated using collagen bioinks containing 10 million cells/mL. DNA content was 

found to decrease significantly from day 0 to day 7 and then increase slightly from day 7 to day 

14, suggesting that the embedded chondrocytes may be slightly proliferative (Figure 3.7A). The 

drop from day 0 to day 7 could be due to the removal of any dead cells. GAG content nearly 

doubled from day 7 to day 14 from 9.8 μg/mg to 18.4 μg/mg (p<0.05 by ANOVA) (Figure 

3.7B). Since the constructs started with no GAG content, this means that the chondrocytes were 

producing GAGs at a relatively constant rate throughout their time in culture. 

 
Figure 3.7. Biochemical analysis of constructs after 0, 7, and 14 days in culture. All 

samples fabricated using collagen bioinks with 10 million cells/mL. A.) DNA content per 

dry weight. B.) GAG content per dry weight. n = 7-15 samples per time point. Different 

letters indicate significant differences (p<0.05). 
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3.5 Discussion 

The objectives of this study were to (1) determine how the addition of cells affects the 

rheology and printability of collagen bioinks and (2) determine how the bioprinting process 

affects chondrocyte viability and function. Regarding the first objective, this study shows that 

increasing cell densities results in an increase in the storage modulus and viscosity of the 

collagen bioink before gelation. Conversely, increasing cell densities were found to decrease the 

collagen storage modulus in the gel phase. While cell density was found to have little effect on 

the crossover time, the rate of gelation was found to decrease with increasing cell densities. Cell 

density also did not influence the shear thinning properties, yield stress, or recovery time of 

collagen bioinks in the solution phase. Dot and line printing experiments showed that improved 

printing resolution could be achieved using collagen bioinks with higher cell densities (25 and 

100 million cells/mL). 

An increase was observed in the storage moduli and viscosity of collagen bioinks before 

gelation with increasing cell densities. A similar trend was reported for the storage moduli and 

viscosity of alginate biomaterials in the solution phase 14. Gelatin/alginate and gelatin 

methacrylamide biomaterials form a gel when cooled. As such, rheological measurements made 

at higher temperatures (i.e. before gelation) are analogous to those of collagen before gelation at 

lower temperatures. Above 22 °C, gelatin/alginate biomaterials exhibited an increased storage 

modulus with the addition of 1 million cells/mL 12 similar to our findings for collagen. At high 

temperatures, gelatin methacrylamide biomaterials exhibited a decrease in viscosity with 

increasing cell densities 13. This discrepancy could be because the viscosity of gelatin 

methacrylamide in the solution phase is similar to or greater than that of the encapsulated cells 
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and the storage moduli of collagen, alginate, and gelatin/alginate in the solution phase are less 

than those of the encapsulated cells. 

Collagen bioinks exhibited decreased storage moduli after gelation with increasing cell 

densities. This trend is similar to the behavior of gelatin/alginate 12 and gelatin methacrylamide 13 

biomaterials in the gelled phase. However, no comparison can be made to the pure alginate 

biomaterial as that study only looked at alginate in the solution phase 14. 

Collagen bioinks were also found to have slower gelation rates with higher cell densities. 

This could be because the cells are physically blocking the binding sites necessary for collagen 

fiber self-assembly. Gelatin/alginate biomaterials also appear to gel more slowly with the 

addition of 1 million cells/mL compared to acellular controls 12. The crossover time was found to 

vary little with increasing cell densities in collagen bioinks. The crossover point for gelatin 

methacrylamide biomaterials was found to occur at slightly lower temperatures with increasing 

cell densities 13, but the time at which the crossover point occurred was not investigated. These 

findings suggest that the addition of cells may act to hinder gelation but to only a slight degree. 

In comparing these studies, we see that adding cells to a biomaterial generally results in 

increased rheological properties before gelation, decreased rheological properties after gelation, 

and slowed gelation, though there are some exceptions. It should also be noted that different cell 

types were used in each study (chondrocytes in this collagen study, A549 cells in gelatin/alginate 

12, fibroblasts in alginate 14, and HepG2 cells in gelatin methacrylamide 13). This suggests that 

new bioink formulations with different cell types may need to be tested to determine how they 

behave with the addition of varying cell densities. Differences in the findings from these studies 

could be related to the ability of the cells to bind to and interact with the material and to the 
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relative rheological properties of the biomaterials in the solution and gel phases compared to 

those of the cells themselves. Additionally, different cell types vary in size, so, while the cell 

density may be held constant, the cell volume fraction may change and the rheological properties 

are dependent on volume fraction. Therefore, it may be beneficial to report cell volume fraction 

in addition to cell density. 

To better assess how a bioink will behave during printing it is important to fully assess the 

rheological behavior of the bioink 9,10. Therefore, we also assessed the shear thinning behavior, 

yield stress, and recovery time of collagen bioink in the solution phase with varying cell 

densities. These tests were performed on the bioink in the solution phase because the collagen is 

in the solution phase when it is printed and extruded through the nozzle and does not start to gel 

until it has been deposited on the printing surface. All collagen bioink formulations displayed 

shear thinning behavior with little variation caused by the addition of cells at any concentration. 

It is important for bioinks to be shear thinning so that they can easily be extruded through a 

narrow nozzle during printing and minimize the shear stress experienced by the cells during this 

process 10. Yield stress is important for determining how the bioink will start to flow during 

dispensing and how it will hold its shape after printing. Yield stress testing showed that all 

collagen bioink formulations yielded around 1 Pa, but that this point decreased slightly with 

increasing cell densities. The yield point of these collagen bioinks is lower than those of other 

bioinks 8,10,33, suggesting that it does not take much force to start dispensing, but that collagen 

bioinks are also easily deformed after printing. But it is important to note that once the collagen 

bioink is deposited on the print surface, which is held at 37 °C, the collagen begins to gel and the 

yield point would increase, allowing for improved shape retention and layer stacking. Bioinks 

also need fast recovery times to quickly return to their zero shear viscosity once deposited on the 
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printing surface, which helps to minimize the spread of the bioink on the surface and improve 

shape fidelity 9,10. Collagen bioinks were found to recover their zero-shear viscosity within 10-35 

seconds at 4 °C. But in the actual printing setup, the collagen bioink is deposited onto a 37 °C 

surface and the crossover time of the storage and loss moduli of these bioinks was found to be 

within 90-120 seconds, so the zero-shear viscosity may be recovered even faster after printing 

than in the rheological test due to the addition of thermal gelation. 

Several studies have investigated how the printability of bioinks is related to various 

rheological properties and how rheological properties can be used to predict printability 8–11,34. A 

previous study from our group found that, for collagen bioinks specifically, the initial storage 

modulus of the bioink is a good predictor of printability 4. This current study found that the 

initial storage modulus of collagen bioinks increased slightly with increasing cell density. Based 

on the findings of the previous study, we expected dots and lines printed with higher cell 

densities to have improved printability as exhibited by smaller footprint areas and line widths, 

respectively, than acellular collagen bioinks. Dot printing experiments showed that the footprint 

area of dots did not change significantly with cell density, but the elevation of linear trends 

predicts that collagen bioinks with higher cell densities exhibit better printability and resolution 

than acellular collagen bioinks. Line printing experiments showed that collagen bioinks with 

high cell densities resulted in significantly thinner lines and better print resolution than acellular 

collagen bioinks. This supports the findings of our former study that the storage modulus before 

gelation can be used as an indicator of collagen bioink printability. This previous study found 

that a nearly 20-fold increase in storage modulus before gelation resulted in an approximately 

25% decrease in dot footprint area. This current study found a 2.3-fold increase in storage 

modulus before gelation resulted in an approximately 10% decrease in dot footprint area. This 



82 

may suggest that the relationship between storage modulus before gelation and footprint area is 

nonlinear with the same change in storage modulus having a larger effect on footprint area at 

lower moduli than at higher moduli. 

We compared our rheological results to several models of composite materials to determine 

if the rheological properties of cell-laden collagen bioinks could be predicted. We evaluated 

these models assuming chondrocytes to have an average diameter of 15 μm 35–38 which is 

consistent with our histological findings (Supp. Figure 3.S 2) and an average storage modulus at 

0.1 Hz of 60 Pa 39,40. Based on the geometry of the cells, this corresponds to cell volume 

fractions of 0-0.18 for cell densities of 0 to 100 million cells/mL. We found that rheological 

properties of cell-laden collagen hydrogels before gelation (i.e. in the solution phase) were best 

predicted by the Einstein equation for viscosity (Figure 3.8A). The Einstein model is used to 

determine the viscosity of a dilute suspension of small particles as follows: 

 

where ηc is the complex viscosity of the composite (cell-laden collagen solution), ηm is the 

complex viscosity of the matrix (collagen solution alone), and Vp is the volume fraction of the 

particles (cells). In the solution phase, the chondrocytes act as hard inclusions because the cells 

are stiffer than the collagen in the solution phase and, therefore, we expected the rheological 

properties of cell-laden collagen in the solution phase to increase with increasing cell density. 

The Einstein theory also predicts that viscosity will increase with increasing cell volume fraction. 

The model predicts that the complex viscosity of collagen bioinks with 100 million cells/mL in 

the solution phase should be 2.16 Pa-s or 44% more viscous than acellular collagen bioinks. The 
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actual complex viscosity of collagen bioinks with 100 million cells/mL in the solution phase was 

found to be 2.45 Pa-s or 63% more viscous than the acellular collagen bioinks. The experimental 

results for the complex viscosity of cell-laden collagen bioinks in the solution phase were within 

11-53% of the predicted model values. 

Experimentally, we found that the storage modulus of collagen bioinks after gelation 

decreased with increasing cell densities. We expected a decreasing trend because the cells are 

less stiff than the gelled collagen matrix and, therefore, act to decrease the modulus of the 

composite cell-laden collagen. For lower cell densities (5-25 million cells/mL) this trend was 

best predicted by the isostress rule of mixtures, also known as the lower bound of the rule of 

mixtures. The isostress rule of mixtures predicts the storage modulus of a composite material as 

follows: 

 

Where G’c is the storage modulus of the composite (cell-laden collagen gel), G’m is the storage 

modulus of the matrix (collagen gel alone), G’p is the storage modulus of the particle (cell), Vm is 

the volume fraction of the matrix, and Vp is the volume fraction of the particles. The isostress 

rule predicts a storage modulus of 328 Pa for collagen bioinks containing 25 million cells/mL, or 

21% lower than that of acellular controls (Figure 3.8B). For cell densities of 5-25 million 

cells/mL, the experimental values of storage moduli for cell-laden collagen bioinks were within 

9% of the values predicted by the isostress rule. However, for collagen containing 100 million 

cells/mL, the isostress rule predicted a storage modulus of 202 Pa. The experimental result was 

more than 50% greater than this prediction. The isostrain rule of mixtures, also known as the 
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upper bound of the rule of mixtures, predicted a storage modulus of 350 Pa for collagen 

containing 100 million cells/mL. The experimental result was within 11% of this prediction. The 

isostrain rule of mixtures predicts the storage modulus of a composite as follows: 

 

Therefore, we propose that for lower cell densities, up to 0.05 particle volume fraction, the 

isostress rule of mixtures is the best predictor of cell-laden bioink rheological properties after 

gelation and the isostrain rule of mixtures should be used for higher cell densities (around 0.18 

volume fraction). This divergence should be considered when either printing with a pre-gelled 

collagen bioink or when handling and manipulating printed collagen constructs. At cell densities 

where the isostress rule is a better predictor, the cells could be experiencing larger strains than 

those imposed on the entire system which could adversely affect cell viability and/or function. 

The experimental rheological data was fit to existing models with moderate success. These 

models (Einstein and rule of mixtures) were found to predict the experimental data 

quantitatively, as the experimental results are all within 53% of model predictions, with most 

results within 15% of model predictions. However, these models failed to predict the overall 

trends and the shape of the model curves do not match the data well. As such, existing models 

may not be the best way to describe the effect of cell density on rheological properties. There 

remains a need for a new and better framework that can predict these relationships and trends 

more accurately. 
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Figure 3.8. Comparison of rheological findings to models of composite materials. A.) 

Complex viscosity of collagen solutions before gelation (blue) was best modeled by the 

Einstein equation (green). B.) Storage moduli of collagen after gelation (blue) for low 

cell densities were best modeled by the isostress rule of mixtures (orange), whereas the 

modulus of collagen gels with cell densities of 100 million cells/mL was best predicted 

by the isostrain rule of mixtures (red). Theoretical models assume chondrocyte diameter 

of 15 μm and storage modulus of 60 Pa. 

 

Cell viability and function are critical to any bioprinted construct. Therefore, the second 

objective of this study was to determine the effect of the bioprinting process on chondrocyte 

viability and function. Because storage modulus before gelation was shown to be relatively 

independent of cell density, a cell density of 10 million cells/mL was used for the second 

objective. For this objective, 25.0 x 25.0 x 1.5 mm solid squares were printed. This shape was 

chosen to represent a potential repair for articular cartilage. Solid tissue engineered constructs are 

often used for cartilage repair because cartilage tissue is avascular and implanted constructs do 

not need a vascular network to maintain tissue health. 
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Chondrocyte viability was found to be high (>90%) immediately after printing and up to 14 

days in culture. Chondrocytes remodeled the collagen matrix of the constructs after 14 days in 

culture, with significant construct contraction occurring by day 11. The chondrocytes were found 

to be slightly proliferative as evidenced by a slight increase in construct DNA content from day 7 

to day 14. The chondrocytes deposited new cartilage matrix throughout the time in culture. The 

GAG content, a primary component of cartilage extracellular matrix, was found to nearly double 

from day 7 to day 14, suggesting that the chondrocytes are metabolically active. 

Several studies have investigated the effect of bioprinting on the viability of encapsulated 

cells 1,5,12,13,41–43. These studies have investigated the effects of bioink formulation 1,5, cell 

concentration 43, temperature 5,12, pressure 13,41–43, and nozzle geometry 13,41,43. Relationships 

have been found between cell viability and bioink storage modulus 12 and between cell viability 

and shear stress 5. Based on these findings, we can assume that we would find similar cell 

viabilities using other cell densities in our collagen bioinks. This assumption results from the fact 

that we found only a small change in the storage modulus of our bioink with higher cell 

densities. Therefore, if we maintain the same printing parameters and nozzle geometry during 

bioprinting, cells should be subjected to similar shear stresses regardless of cell density (up to 

100 million cells/mL) and would exhibit the same high cell viabilities. One study found lower 

cell viabilities when bioprinting with 10 million cells/mL as compared to 0.1 and 1 million 

cells/mL 43. However, this effect was only observed on day 3 and no differences in cell viability 

were seen on day 0 so the viability problems may have been caused by factors after the 

bioprinting process. Also, this study utilized 3 mg/mL collagen bioinks which may have 

exhibited a greater change in storage modulus due to the incorporation of cells, but no 

rheological experiments were performed to confirm this. 
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Due to the low viscosity of the collagen bioink before gelation, sedimentation of cells within 

the syringe before printing could be a problem. Xu et al. found that cells in sodium alginate 

bioinks fall to the bottom of the reservoir more quickly in low viscosity bioinks 44. This suggests 

that the density of chondrocytes within our bioink may not be uniform, particularly if left in the 

syringe for extended periods of time. However, for this study, the squares were printed in under 

5 minutes which was likely fast enough to prevent significant sedimentation after mixing. This is 

also supported by the generally uniform distribution of cells observed in histological imaging of 

printed constructs (Supp. Figure 3.S 2). 

Several studies have characterized the longer-term behavior and function of chondrocytes 

after bioprinting 22,45–49. These studies found that primary chondrocytes remained viable and 

maintained their function after bioprinting in a variety of bioinks with varying cell densities 

using different bioprinters. Here, we found that chondrocytes remained viable and remodeled the 

matrix throughout the 14 days in culture. This was demonstrated by significant contraction after 

11 days in culture and a nearly two-fold increase in GAG content from day 7 to day 14. Our 

study adds to the literature that suggests that primary chondrocytes are amenable to bioprinting 

and that cartilage tissue engineering can utilize bioprinting fabrication methods. 

3.6 Conclusions 

Overall, this study shows that collagen bioinks are conducive to bioprinting with a wide 

range of cell densities while maintaining high printability and chondrocyte viability and function. 

This study found that cell densities up to 100 million cells/mL resulted in increased storage 

moduli and viscosity of collagen bioinks before gelation, decreased storage moduli of collagen 
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bioinks after gelation, and decreased rates of gelation. Bioinks containing 100 million cells/mL 

have smaller dot footprint areas and smaller line widths than acellular bioinks, suggesting that 

increased cell densities could improve bioink printability. Bioprinted constructs showed high cell 

viability throughout 14 days in culture. These embedded chondrocytes remained active and 

functional after bioprinting as seen by construct contraction and increased GAG content. This 

study supports the use of collagen bioinks for cartilage tissue bioprinting. Additionally, this work 

suggests theoretical models that can be used to predict the rheological properties of cell-laden 

bioinks to expedite the testing of new bioink formulations regardless of cell or material type. 
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3.9 Supplemental information 

Loss modulus results: Trends in loss modulus with cell density were similar to those found with 

the storage modulus (Supp. Figure 3.S 1). 
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Figure 3.S 1. Loss modulus of collagen bioinks before, during, and after temperature-

induced gelation with cell densities of 0, 5, 10, 25, and 100 million cells/mL. A.) G” of 

bioink at 4 °C before gelation. B.) G” of bioink after complete gelation at 37 °C. C.) 

Maximum growth rate of G” after the temperature was increased to 37 °C. n=3-7 tests for 

each group. * indicates significant difference from acellular controls (p<0.05 by Kruskal-

Wallis for A). Different letters indicate significant differences (p<0.05 by one-way 

ANOVA for B and C). 
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Histology methods: Day 7 and day 14 samples were also analyzed by histology. Hemicylinders 

obtained as described in the main Methods section were fixed in formalin for 48 hours. They 

were then rinsed with ethanol and sectioned. Sections were stained with Safranin O for 

proteoglycans with a Fast Green counterstain and Picrosirius red for collagen. All sections were 

also stained with hematoxylin for cell nuclei. Brightfield microscopy was used to image GAG 

deposition and collagen distribution. 

Histology results: Histological staining of bioprinted constructs fabricated using collagen bioinks 

with 10 million cells/mL showed the distribution of collagen, GAGs, and chondrocytes in the 

constructs on day 7 and day 14 (Supp. Figure 3.S 2). Histology showed that matrix components 

and cells were deposited uniformly throughout the constructs. Chondrocytes were observed 

throughout samples showing that cells were adequately mixed into the collagen bioink before 

bioprinting with minimal cell sedimentation and that the bioprinting process was also uniform. 

Constructs stained strongly for picrosirius red both on day 7 and day 14 (Supp. Figure 3.S 2A,E). 

This is a result of the collagen hydrogel used to fabricate the constructs. On day 7, constructs 

showed some staining for GAGs but sections were dominated by the general protein counterstain 

(Supp. Figure 3.S 2C). However, by day 14, sections showed more pink staining for GAGs 

throughout the construct and these pockets tended to occur near cells (Supp. Figure 3.S 2G). This 

supports the biochemical findings that GAG content significantly increased from day 7 to day 

14.  
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Figure 3.S 2. Representative histology images of constructs after 7 and 14 days in 

culture. All samples fabricated using 10 million cells/mL. Picrosirius red staining shows 

collagen content. Safranin O staining shows GAG content in pink with other proteins 

stained in blue/green by the Fast Green counterstain. Images on left show a full cross 

section of an 8 mm punch of a printed construct. Box on images A, C, E, and G show 

regions of images B, D, F, and H, respectively. Scale bars = 1 mm for images A, C, E, 

and G and 150 µm for images B, D, F, and H. 
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CHAPTER 4. PRE-GLYCATION IMPAIRS GELATION OF HIGH CONCENTRATION 

COLLAGEN SOLUTIONS 

Diamantides N., Slyker, L., Martin, S., Rodriguez, M., & Bonassar, L. ACS Biomaterials Science 

& Engineering. In preparation 

4.1 Abstract 

There remains a need for stiffer collagen hydrogels for tissue engineering and disease 

modeling applications. Pre-glycation has been shown to increase the mechanics of collagen 

hydrogels while maintaining high viability of encapsulated cells. The stiffness of glycated 

collagen gels can be increased by increasing the collagen concentration, increasing the sugar 

concentration, and increasing the glycation time. However, previous studies on pre-glycation of 

collagen have used low collagen concentrations and/or low sugar concentrations and have not 

investigated the effect of glycation time. Therefore, the objective of this study was to determine 

the effects of pre-glycation with high sugar concentrations and extended glycation times on high 

concentration collagen. 8 mg/mL collagen was pre-glycated with up to 500 mM ribose for up to 

21 days. The addition of sugar to the collagen and the formation of advanced glycation end 

products (AGEs) were quantified. The ability to gel successfully and rheological properties were 

determined and correlated with biochemical characterizations. Pre-glycation with high ribose 

concentrations and for long glycation times was found to impair collagen gelation. Successful 

collagen gelation was found to be strongly dependent on the ratio of added sugars to added 

AGEs. Rheological properties of pre-glycated collagen were also strongly correlated with this 

ratio of added sugar to added AGEs. The storage modulus after gelation and the kinetics of 
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gelation were optimal when the ratio of added sugar to added AGEs was low. There is likely a 

competing effect during pre-glycation of the formation of AGEs resulting in crosslinking of 

collagen and the formation of Amadori intermediates acting to increase collagen solubility. 

Overall, this study shows that collagen glycation can be optimized by increasing the formation of 

AGEs while maintaining a low ratio of added sugar to added AGEs. 

4.2 Introduction 

Collagen is a common biomaterial used for tissue engineering, regenerative medicine, and 

disease modeling. A main limitation of collagen hydrogels is their poor mechanical properties 1–

6. Collagen hydrogels typically exhibit stiffnesses around 0.1-10 kPa depending on collagen 

concentration. These stiffnesses are sufficient for soft tissue applications, but higher stiffnesses 

are desired to model harder tissue types and disease states. For instance, the stiffness of arterial 

walls is around 10-1000 kPa 7–9, the stiffness of cartilage is around 1 MPa 7–9, the stiffness of 

bone is around 1 GPa 7–9, and certain breast cancers can have stiffnesses around 1-50 kPa 7,10. 

Therefore, there remains a need for stiffer collagen hydrogels for a wider variety of applications. 

Methods to improve the mechanics of collagen have included mixing with other natural 11 

and synthetic biomaterials 12, increasing collagen concentration 13,14, enzymatic crosslinking 15,16, 

and nonenzymatic crosslinking. Nonenzymatic crosslinkers include glutaraldehyde 17, 

carbodiimide 18, riboflavin 14,19, and reducing sugars (e.g. glucose, ribose) 20–22. However, except 

for certain methods of glycation with reducing sugars, these methods have the risk of being 

cytotoxic, so they are usually limited to acellular applications or applications before cell-seeding. 
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Glycation, particularly pre-glycation (i.e. glycation in solution), has been shown to enhance 

collagen gel mechanics while maintaining a high level of viability of encapsulated cells 20,21,23–27. 

Glycation is the process by which a sugar reduces in the presence of a lysine residue on collagen 

to form an Amadori intermediate. Amadori intermediates can then further react with lysine or 

arginine residues to form advanced glycation end products (AGEs). These AGEs can then form 

crosslinks between collagen fibers 28–30. 

Glycation has been used previously in a variety of applications to enhance the mechanics of 

collagen gels with a variety of cell types. Glycation has been used to increase the mechanics of 

tissue engineered cartilage 31,32, tissue engineered bone 33, tissue engineered blood vessels 34,35, 

models of diabetes and aging 22, models for mechanotransduction studies 21,36,37, models for 

neovascularization 38, and models for cancer 23,25,26. 

The earliest approach to glycation, post-glycation, is often limited to applications before cell-

seeding 34,38. This is because for post-glycation, collagen gels must be exposed to high sugar 

concentrations for extended periods of time. The hyperosmotic environment this creates could be 

cytotoxic to encapsulated cells. Previous studies have shown that pre-glycation methods can be 

used to overcome this challenge 20,21,23–27,31. With pre-glycation, collagen is glycated while still 

in the solution phase. This allows for cells to be encapsulated in the gel at the time of gelation 

and prevents the need for extended culture with sugar solutions. 

Previous studies on the effect of pre-glycation of collagen gels have used low collagen 

concentrations (1 – 3.5 mg/mL) 20,21,23–25 and/or low sugar concentrations (50-100 mM) 26,27. 

However, it is of interest to create even stiffer collagen gels that could be used for tissue 

engineering or disease modeling applications. 
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The stiffness of glycated collagen gels can be increased by increasing the concentration of 

collagen 26, increasing the concentration of sugar 20,21, and increasing the glycation time 34,39. 

Higher collagen concentrations provide denser matrices and provide more binding sites for 

AGEs to form 26. Higher ribose concentrations increase the amount of sugars that can bind to the 

collagen and, therefore, increase the number of AGEs that form 20,21. And, as has been shown 

using post-glycation, longer glycation times allow for more of the sugars to reduce and form 

AGEs 34,39. However, the effects of pre-glycation using high sugar concentrations and extended 

glycation times have not been studied using high concentration collagen. Therefore, the objective 

of this study was to determine the effects of pre-glycation with up to 500 mM ribose and 

glycation times up to 21 days on high concentration (8 mg/mL) collagen. 

4.3 Materials and methods 

4.3.1 Collagen preparation 

Type I collagen was prepared as described previously 40. Briefly, tendons from rat 

tails (BioIVT, Westbury, NY) were soaked in 0.1% acetic acid (Kodak, Rochester, NY) 

for at least 48 hours. The solution was then centrifuged for 90 minutes at 9000 RPM. The 

supernatant was then collected, frozen, and lyophilized. A stock collagen solution was 

then created by reconstituting the lyophilized collagen in 0.1% acetic acid at 15 mg/mL. 

Pre-glycation was achieved by mixing stock collagen with ribose (Sigma-Aldrich, St. 

Louis, MO) in 0.1% acetic acid to final ribose concentrations of 0, 125, 250, 375, or 500 

mM. After mixing, these solutions were left at 4°C for up to 21 days. 
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To form gels, pre-glycated and control collagen solutions were neutralized with 1X 

phosphate buffered saline (PBS, Corning cellgro, Manassas, VA), 10X PBS (Corning 

cellgro, Manassas, VA), and 1N NaOH (Avantor, Center Valley, PA). 

These mixtures were then allowed to gel at 37°C before being prepared for FTIR and 

AGE fluorescence testing. For rheology testing, samples were immediately loaded onto 

the rheometer after mixing. 

4.3.2 FTIR spectroscopy 

Fourier-transform infrared (FTIR) spectroscopy was used to quantify the addition of 

sugar to collagen due to pre-glycation as described previously 20. Briefly, pre-glycated 

gels were frozen and lyophilized. Lyophilized samples were then loaded onto a Bruker 

Vertex V80V Vacuum FTIR in ATR mode. Spectra were recorded with 6 cm-1 resolution 

under vacuum. Spectra were baselined using OPUS software. Sugar peak areas were 

defined as those between 900 cm-1 and 1100 cm-1. Sugar peak areas were normalized to 

the area of amide I peaks which were defined as between 1590 cm-1 and 1720 cm-1. Peak 

areas were measured using Spectragryph optical spectroscopy software 41. 

4.3.3 AGE fluorescence 

AGE fluorescence was measured as described previously 20 by first freezing and 

lyophilizing pre-glycated gels. Sample dry weights were measured after lyophilizing and 

then samples were digested in 1 mL of 0.125 mg/mL papain solution for 12-16 hours at 

60°C. Fluorescence was measured using a BioTek Synergy HT plate reader with an 
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excitation of 360 nm and an emission of 465 nm. Sample fluorescence was corrected for 

fluorescence from the papain solution and are reported as normalized to sample dry 

weight. 

4.3.4 Rheology 

The storage (G’) and loss (G”) moduli of pre-glycated collagen before, during, and 

after gelation were obtained as described previously 14. Briefly, 25 mm diameter 

coverslips were coated with glutaraldehyde. These coverslips were then attached to the 

parallel plate geometry of a TA Instruments DHR3 rheometer. A 1 mm geometry gap 

was used for all tests. G’ and G” were measured in oscillatory mode at 0.1 Hz and 0.5% 

stain for 5 minutes at 4°C and then 30 minutes at 37°C. All rheological values for pre-

glycated collagen are reported as normalized to those of control collagen using the same 

stock collagen batch. 

The addition of sugar to collagen in solution can increase the solubility of the 

collagen 28,29,42,43. This could interfere with fibrillogenesis and impair collagen gelation. 

Therefore, the ability to form a gel successfully was also measured. Gelation was deemed 

successful if G’ and G” crossed and reached a plateau within 30 minutes with incubation 

at 37°C.  

4.3.5 Statistics 

The effect of ribose concentration on sugar:amide I and AGE fluorescence was 

assessed using a Kruskal-Wallis test with Bonferroni correction. Linear regressions were 
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performed to determine the effect of ribose concentration on normalized storage modulus 

before gelation, normalized storage modulus after gelation, normalized growth rate of G’, 

and normalized crossover time. The effect of glycation time on sugar:amide I and AGE 

fluorescence was assessed by Kruskal-Wallis test with Bonferroni correction. Linear 

regressions were performed to determine the effect of glycation time on normalized 

storage modulus before gelation, normalized storage modulus after gelation, normalized 

growth rate of G’, and normalized crossover time. Dose response relationships were 

calculated by fitting data to a four-parameter sigmoid logistic regression. Data are 

reported as mean ± standard deviation unless otherwise stated. 

4.4 Results 

4.4.1 FTIR and AGE fluorescence 

FTIR spectroscopy was used to quantify the addition of sugar to collagen due to pre-

glycation. Non-glycated collagen controls and pre-glycated collagen samples displayed 

characteristic peaks associated with collagen (Figure 4.1A). These included peaks for amide I 

(1640 cm-1), amide II (1550 cm-1), and amide III (1230 cm-1). Pre-glycated collagen exhibited 

distinct sugar peaks in the 900 to 1200 cm-1 range (Figure 4.1A). The amount of sugar addition 

was quantified by dividing the area of the sugar peak by the area of the amide I peak. 

The amount of sugar addition increased with increasing ribose concentration (Figure 4.1B). 

Collagen pre-glycated with 250 mM ribose and 500 mM ribose had 4 times and 16 times more 

sugar content than non-glycated controls, respectively. 
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These FTIR measurements are associated with the amount of sugar bound to the collagen but 

do not provide any information on the formation of AGEs. The amount of AGEs was quantified 

using fluorescence since a portion of AGEs are known to be fluorescent. AGEs were found to 

increase with pre-glycation independent of ribose concentration (Figure 4.1C). Pre-glycated 

collagen had 12-19 times more AGEs than non-glycated controls but there were minimal 

differences in AGE content with varying ribose concentration. When the amount of AGEs was 

correlated with the amount of sugar detected by FTIR, a dose response relationship was found 

(Figure 4.1D). 
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Figure 4.1. A.) Representative FTIR spectra of non-glycated collagen controls (red) and 

collagen gels pre-glycated with 250 mM ribose (blue). B.) Ratio of sugar peak area to 

amide I peak area with varying ribose concentrations. All samples were glycated for 5 

days. n=15-27. C.) AGE fluorescence per sample dry weight with varying ribose 

concentrations. All samples were glycated for 5 days. n=12-18. D.) Relationship between 

sugar addition and AGE formation appears to follow a dose response curve (RMSE = 

2,013). Different letters indicate significant difference (p<0.05). 
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Binding of sugar to collagen occurred rapidly (Figure 4.2A). By 30 minutes, addition was 70-

75% complete and was effectively at steady state by 1 to 3 days. At steady state, sugar:amide I 

was found to vary between 2.0 and 3.3 for pre-glycated collagen compared to 0.5 for non-

glycated controls. 

Similarly, the amount of AGE formation was also found to occur very rapidly (Figure 4.2B). 

The amount of AGEs formed within 30 minutes was similar to the amount formed with 2 weeks 

of pre-glycation. For pre-glycated collagen, the amount of AGEs varied between 6,300-10,100 

units/mg compared to 530 units/mg for non-glycated controls. When the amount of AGE 

formation was correlated with the amount of sugar detected by FTIR for these results, a weak 

positive correlation (R2=0.44) was found (Figure 4.2C). However, this was dominated by the 

control group. When the control group is excluded from this correlation, no relationship was 

found. 
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Figure 4.2. A.) Ratio of sugar peak area to amide I peak area with varying glycation 

times. All samples were glycated with 250 mM ribose. n=15-27. B.) AGE fluorescence 

per sample dry weight with varying glycation times. All samples were glycated with 250 

mM ribose. n=12-18. D.) Relationship between sugar addition and AGE formation. A 

linear correlation was not found when the control group was excluded. Different letters 

indicate significant difference (p<0.05). 
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4.4.2 Rheology 

Collagen samples that reached a plateau in G’ with G’ greater than G” within 30 minutes of 

incubation at 37°C were deemed to have gelled successfully. This success rate was found to 

decrease with increasing ribose concentrations and with longer glycation times (Figure 4.3A,B). 

Collagen pre-glycated with 125 mM and 250 mM ribose gelled successfully in 90% or more of 

trials whereas collagen pre-glycated with 375 mM and 500 mM ribose gelled successfully in less 

than 15% of trials. Collagen pre-glycated for up to 7 days gelled successfully in 75% or more of 

trials whereas collagen pre-glycated for 9 days or more gelled in less than 50% of trials. 

Collagen pre-glycated for 17 and 21 days did not successfully gel in any trials. 

Successful gelation was found to be correlated with the ratio of added sugar to added AGEs 

in a dose-dependent manner (Figure 4.3C). Added sugar and added AGEs were calculated by 

subtracting the values of non-glycated controls from those of each glycation condition and 

dividing by the values of non-glycated controls. Collagen with higher ratios of added sugar to 

added AGEs were less likely to gel successfully. A very steep drop in success rate was found 

around 0.4. At 0.37 and below, 90-100% success is found. But at 0.47 and above, a less than 

20% success rate is found. 
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Figure 4.3. A.) Effect of ribose concentration on successful gelation rate where success 

was defined as the ability for the collagen to completely gel within 30 minutes. There 

were 3-30 attempts per ribose concentration. B.) Effect of glycation time on successful 

gelation rate. There were 2-30 attempts per glycation time point. C.) Correlation between 

success rate and the ratio of added sugar to added AGEs appears to follow a dose 

response curve (RMSE=4.91). Both sugar:amide I and AGE fluorescence have been 

normalized by subtracting the values of control gels and dividing by the control values. 
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Rheological testing was used to assess the effect of pre-glycation on the mechanics of 

collagen before, during, and after gelation (Figure 4.4). Four outcome measures were determined 

from this testing: the storage modulus before gelation (G’0), storage modulus after gelation 

(G’∞), the growth rate of G’ (dG’/dt), and the crossover time of G’ and G” (tc). G’0 was 

determined by averaging G’ of the first 5 minutes of testing at 4°C. G’∞ was determined by 

averaging the final plateau region of testing at 37°C. dG’/dt was the maximum slope of G’ after 

the temperature was raised to 37°C. tc is the time at which G’ started to exceed G”. 

 
Figure 4.4. Representative results of rheological testing of collagen before, during, and 

after gelation. Labels indicate how outcome measures were determined. 

 

G’ of collagen before gelation did not vary with ribose concentration (p=0.39, Figure 4.5A). 

Normalized G’0 values were between 1 and 1.5 for all ribose concentrations tested. G’ after 

gelation had a weak positive correlation with ribose concentration (p<0.01, Figure 4.5B). G’ 

after gelation appeared to reach a maximum with 250 mM ribose. There were no statistical 
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changes in growth rate of G’ (p=0.81), but there were large variations with ribose concentration 

from 0.35 to 1.25 (Figure 4.5C). However, while the maximum growth rate during gelation was 

unaffected by ribose concentration, the crossover time, or the time at which G’ first exceeded G”, 

did vary with pre-glycation. The crossover time increased moderately with increasing ribose 

concentration with values for pre-glycated collagen being 1.5-3 times higher than non-glycated 

controls (p<0.01, Figure 4.5D). 
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Figure 4.5. Rheological properties of collagen before, during, and after gelation with 

varying ribose concentrations. All samples were glycated for 5 days. All properties are 

reported as normalized to those of the control group for the same batch of collagen. A.) 

G’ of collagen at 4°C before gelation. B.) G’ of collagen after complete gelation at 37°C. 

C.) Maximum growth rate of G’ after temperature was increased. D.) Crossover time of 

G’ and G” after temperature was increased. n=2-30. Dotted lines represent linear 

regressions. 

 

All of these rheological properties (G’0, G’∞, dG’/dt, and tc) were compared to the amount of 

sugar addition, AGE formation, and the ratio of added sugar to added AGEs (Tables 4.1 and 4.2). 
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Sugar:amide I and the ratio of added sugar to added AGEs were most predictive of rheological 

properties. G’ before gelation was found to increase moderately and crossover time was found to 

increase strongly with both increasing sugar:amide I and increasing added sugar/added AGEs 

(Supp. Figure 4.S 1A,C,J,L). The growth rate of G’ was found to decrease with increasing 

sugar:amide I and added sugar/added AGEs (Supp. Figure 4.S 1G,I). 

Table 4.1. Maximum change in rheological properties from testing varying ribose 

concentrations resulting from changes in amount of added sugar (sugar:amide I), amount 

of AGEs, and the ratio of added sugar to added AGEs. The maximum change was 

measured as the difference in the rheological property values for the data points with the 

minimum and maximum sugar:amide I, AGE, and added sugar/added AGEs. Darker reds 

indicate larger positive changes. Darker blues indicate larger negative changes. 

 
G’0 G’∞ dG’/dt tc 

Sugar:Amide I 0.37 0.14 -0.65 2.25 

AGE 0.11 0.83 0.13 1.16 

Added Sugar/ 

Added AGEs 
0.24 -0.24 -0.90 1.75 

 

Table 4.2. Goodness of fit (R2) of correlations between rheological properties from 

testing varying ribose concentrations and sugar addition, AGE formation, and the ratio of 

added sugar to added AGEs. Darker reds indicate higher correlations. 

 
G’0 G’∞ dG’/dt tc 

Sugar:Amide I 0.93 0.04 0.87 0.89 

AGE 0.22 0.64 0.01 0.30 

Added Sugar/ 

Added AGEs 
0.98 0.52 1.00 0.90 
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G’ before gelation did not vary with glycation time (p=0.56, Figure 4.6A). However, there 

does appear to be a trend of decreased normalized G’0 with increasing glycation time. G’ after 

gelation increased with increasing glycation time (p<0.01, Figure 4.6B). Collagen pre-glycated 

for 7 days exhibited a peak in normalized G’ after gelation that was 5 times higher than that of 

non-glycated controls. dG’/dt also increased slightly with glycation time though this was a weak 

correlation (p<0.05, Figure 4.6C). Collagen pre-glycated for 7 days had growth rates over 2.5 

times faster than non-glycated controls. tc increased with glycation time exhibiting a moderate 

positive correlation (p<0.01, Figure 4.6D). 
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Figure 4.6. Rheological properties of collagen before, during, and after gelation with 

varying glycation times. All samples were glycated with 250 mM ribose. All properties 

are reported as normalized to those of the control group for the same batch of collagen. 

A.) G’ of collagen at 4°C before gelation. B.) G’ of collagen after complete gelation at 

37°C. C.) Maximum growth rate of G’ after temperature was increased. D.) Crossover 

time of G’ and G” after temperature was increased. n=1-30. Dotted lines represent linear 

regressions. 
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These rheological findings were also compared to the amount of sugar addition, AGE 

formation, and the ratio of added sugar to added AGEs (Tables 4.3 and 4.4). G’ before gelation 

was found to be best correlated with the ratio of added sugar to added AGEs with modulus 

decreasing with increasing added sugar/added AGEs, though this was a weak correlation (Supp. 

Figure 4.S 2C). G’ after gelation was best correlated with the amount of sugar added with higher 

moduli resulting from more sugar added, but this was also a weak correlation (Supp. Figure 4.S 

2D). dG’/dt was found to have no correlations with sugar added, AGE formation, or the ratio of 

added sugar to added AGEs (Supp. Figure 4.S 2G-I). tc was moderately well correlated with both 

sugar:amide I and AGE fluorescence (Supp. Figure 4.S 2J,K). Crossover time slowed with 

higher amounts of sugar and with higher amounts of AGEs. 
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Table 4.3. Maximum change in rheological properties from testing varying glycation 

times resulting from changes in amount of added sugar (sugar:amide I), amount of AGEs, 

and the ratio of added sugar to added AGEs. The maximum change was measured as the 

difference in the rheological property values for the data points with the minimum and 

maximum sugar:amide I, AGE, and added sugar/added AGEs. Darker reds indicate larger 

positive changes. Darker blues indicate larger negative changes. 

 
G’0 G’∞ dG’/dt tc 

Sugar:Amide I -0.09 1.39 0.11 1.12 

AGE 0.11 0.83 0.13 1.16 

Added Sugar/ 

Added AGEs 
-0.72 0.10 -0.40 -0.12 

 

Table 4.4. Goodness of fit (R2) of correlations between rheological properties from 

testing varying glycation times and sugar addition, AGE formation, and the ratio of added 

sugar to added AGEs. Darker reds indicate higher correlations. 

 
G’0 G’∞ dG’/dt tc 

Sugar:Amide I 0.26 0.22 0.02 0.63 

AGE 0.002 0.16 0.05 0.66 

Added Sugar/ 

Added AGEs 
0.37 0.001 0.06 0.06 

 

4.5 Discussion 

The objective of this study was to determine the effects of pre-glycation on high 

concentration collagen using high ribose concentrations and extended glycation times. This study 

shows that, unlike for low concentration collagen solutions, pre-glycation of high concentration 

collagen solutions can impair gelation, particularly with high ribose concentrations and long 
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glycation times. The ability for high concentration collagen solutions to gel successfully was 

found to be strongly dependent on the ratio of added sugar to added AGEs. When this ratio was 

low, almost all samples gelled successfully; whereas, when this ratio was high almost no samples 

gelled successfully. The concentration of ribose used during pre-glycation was found to affect 

the amount of sugar added to the collagen; however, it had little effect on the formation of 

AGEs. AGEs were found to have formed very rapidly with 70-75% of AGEs forming within 30 

minutes of pre-glycation and reaching a steady-state value by days 1 to 3. The storage modulus 

after gelation was found to increase slightly with increasing ribose concentrations and increasing 

glycation times and appeared to reach a maximum at 250mM ribose and 7 days of pre-glycation. 

Increasing ribose concentrations and increasing glycation times also resulted in increased 

crossover times. The rheological properties of collagen solutions and gels were found to be best 

correlated with the ratio of added sugar to added AGEs. 

The amount of sugar added to collagen, as measured by FTIR, was found to be dependent on 

the concentration of ribose used during pre-glycation. This is similar to the results of a previous 

study that found that sugar:amide I increased linearly with increasing ribose concentrations up to 

250 mM for 1.5 mg/mL collagen gels 20. With 8 mg/mL collagen, the current study also shows a 

linear relationship between sugar:amide I and ribose concentration up to 250 mM ribose. 

However, this trend appears more exponential when the ribose concentration increases to 500 

mM. It is unclear if the previous study on 1.5 mg/mL collagen would have found a similar 

exponential trend if higher ribose concentrations had been tested. 

The previous study using 1.5 mg/mL collagen also found a linear relationship between ribose 

concentration and the amount of AGEs formed 20.  With 8 mg/mL collagen, this study found 



118 

little relationship between ribose concentration and the amount of AGEs. Compared to non-

glycated controls for each study, more AGEs were formed in 8 mg/mL collagen than 1.5 mg/mL 

collagen. 1.5 mg/mL collagen pre-glycated with 250 mM ribose had about twice as many AGEs 

per mg dry weight than controls, whereas, 8 mg/mL collagen pre-glycated with 250 mM ribose 

had about 16 times more AGEs per mg dry weight than controls. This difference could be 

because the 1.5 mg/mL controls had much higher AGE fluorescence than the 8 mg/mL controls 

in this study. This could mean that there were fewer binding sites available for Amadori products 

to form on the 1.5 mg/mL collagen. 

The previous study using lower collagen concentrations and lower ribose concentrations 

found a linear relationship between the amount of sugar added and AGE fluorescence 20. Using 8 

mg/mL collagen, a dose response relationship was found where small amounts of added sugar 

resulted in a large increase in AGE fluorescence that then plateaued with increasing sugar. This 

discrepancy could be due to the small range of sugar:amide I measured with 1.5 mg/mL collagen 

which all fall within the linear region of the dose response curve found in this study. It is likely 

that using high ribose concentrations, a saturation point was reached in the amount of AGEs 

formed and that, above this point, additional sugars bound to the collagen are not able to reduce 

to AGEs.  

Previous studies have pre-glycated collagen of varying collagen concentrations (1 – 10 

mg/mL) for 5 days 20,21,23–27,31 with no investigation into other glycation times. Studies of post-

glycated collagen have found increased mechanics with increasing glycation time 32,34, but no 

such study has been done on pre-glycated collagen. For 8 mg/mL collagen, sugar addition and 

AGE formation occurred very rapidly. Most of the sugar bound to the collagen and reduced to 
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AGEs within 30 minutes and reached a steady-state or saturation point by days 1 to 3, with no 

further increases with additional glycation time. Once this saturation point was reached, no more 

sugar was able to bind to the collagen and reduce to AGEs, likely because all the binding sites on 

the collagen had been occupied. This suggests that future studies with any collagen concentration 

can likely use shorter glycation times as AGEs should be able to form as quickly in 1 or 10 

mg/mL collagen as 8 mg/mL collagen, though this needs to be verified. 

One study investigated the effect of glycation time on the compressive modulus of collagen 

scaffolds freeze dried after pre-glycation 32. There was a slight increase in modulus from 2 days 

to 5 days of pre-glycation, however, this effect was much smaller than the effect of increasing 

ribose concentration. The effect of glycation time was also much smaller in pre-glycated 

collagen scaffolds than in post-glycated collagen scaffolds. When compared with this current 

study, these findings suggest that AGEs can form more quickly in pre-glycated collagen and that 

the effect of glycation time is of more significance in post-glycated collagen where the formation 

of AGEs is likely slower. 

High ribose concentrations (>250 mM) and extended glycations times (>7 days) were both 

found to impair gelation in 8 mg/mL collagen solutions. Collagen with a high ratio of added 

sugar to added AGEs was found to have lower probabilities of gelling successfully within 30 

minutes. The inability to gel could be due to the buildup of Amadori intermediates which 

increased the solubility of the collagen monomers in solution making it more difficult for fibers 

to form and create a gel. If the ratio of added sugar to added AGEs is low, most of the ribose has 

fully reduced and formed AGEs and AGE crosslinks (Figure 4.7B). However, if the ratio of 

added sugar to added AGEs is high, most of the ribose has not fully reduced to AGEs and 
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remains bound to the collagen as an Amadori intermediate (Figure 4.7C). Sugars and Amadori 

intermediates act to increase the solubility of the collagen monomers 42,43 and could also impair 

fibrillogenesis by blocking binding sites and reducing flexibility 28,29,43,44. Amadori intermediates 

formed on the telopeptides of collagen fibers, which is more likely to happen with pre-glycation 

than post-glycation, could be particularly effective at hindering early fibrillogenesis. In pre-

glycation, there is likely a competition between the formation of AGEs, which results in 

crosslinking of collagen, and the formation of Amadori intermediates, which act to increase 

collagen solubility. It is worth noting that collagen that failed to gel successfully within 30 

minutes was not incapable of gelling. In collagen that failed to gel, gelation was impaired such 

that gelation occurred over the time scale of hours rather than minutes. Future work could 

investigate how the rheological properties of these gels compare when allowed to fully gel at 

extended times. 
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Figure 4.7. Schematic representation of proposed relationship between the ratio of added 

sugar to added AGEs and the ability to gel successfully. A.) Non-glycated control 

collagen gels normally. B.) Pre-glycated collagen with low ratio of added sugar to added 

AGEs gels successfully. C.) Pre-glycated collagen with high ratio of added sugar to 

added AGEs do not gel successfully. Red AGE crosslinks represent those found on non-

glycated control collagen. Green AGE crosslinks represent added AGEs due to pre-

glycation. Light blue sugars represent those found on non-glycated control collagen. Dark 

blue sugars represent added sugar due to pre-glycations. 

 

When pre-glycated collagen gelled successfully, there were some effects of ribose 

concentration on rheological properties. There was a slight increase in storage modulus after 

gelation with increasing ribose concentrations. Previous studies have found that 1.5 mg/mL 

collagen gels pre-glycated with up to 250 mM ribose showed a linear increase in compressive 
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modulus with increasing ribose concentration 20,21. 5 and 10 mg/mL collagen pre-glycated with 

up to 100 mM ribose also showed a relatively linear increase in compressive modulus with 

increasing ribose concentration, but the slopes of these trends were less steep than those of 1.5 

mg/mL collagen 26. Based on all these findings, the effect of pre-glycation on collagen 

mechanics seems more pronounced at lower collagen concentrations than higher collagen 

concentrations. 

Crossover time, or the time at which the collagen first changes from a liquid to a solid, 

increased with increasing ribose concentration up to 500 mM. This was similar to results seen 

with 1.5 mg/mL collagen where collagen pre-glycated with 250 mM ribose gelled almost 4 times 

slower than non-glycated controls 21. These findings of decreased kinetics may be because 

Amadori intermediates are increasing the solubility of the collagen and hindering fibrillogenesis. 

This idea is supported by the fact that crossover time was well correlated with the ratio of added 

sugar to added AGEs. Pre-glycated collagen with high added sugar content compared to added 

AGE content exhibited higher crossover times meaning that these collagen solutions took longer 

to form a gel when there were more Amadori intermediates compared to AGEs. 

Storage modulus after gelation was also found to increase with extended glycation times. 

Storage modulus appeared to reach a maximum with 7 days of glycation as did the growth rate of 

the storage modulus. A previous study on post-glycated collagen found a continued linear 

increase in modulus with extended glycation time up to 70 days 34. If pre-glycated collagen had 

been given more time to gel, a similar trend of continued increases in modulus with time may 

have been seen. 
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The effect of glycation time on rheological properties was not explained well by the sugar 

content or the amount of AGEs formed. This is in part because pre-glycated collagen exhibited 

very similar sugar content and amount of AGEs regardless of glycation time because the sugar 

and AGEs reached saturation points very rapidly. Therefore, the differences in rheological 

properties could be related to the kinds of Amadori intermediates and AGEs being formed at 

different time points during glycation. Different Amadori intermediates could increase solubility 

to differing degrees. And the percentage of fluorescent AGEs that form and are, therefore, able to 

be quantified, could vary with glycation time. 

High concentration collagen gels have been used to create or model stiffer tissues 45–47 and 

glycated collagen gels have been used to model diabetes and other diseases 22,23,25,26,38,48. Based 

on this study, pre-glycation of high concentration collagen with high ribose concentrations or 

extended glycation times may not be a reliable method of modeling stiffer or diseased tissues. 

The high variability in successful gelation is likely because of the build-up of Amadori 

intermediates that increase collagen solubility and impair fibrillogenesis. Post-glycation may be a 

more reliable method to create models of stiff tissues or disease states with high collagen 

concentrations since post-glycation better mimics the natural formation of AGEs during aging 

and disease. However, the use of post-glycation would limit these studies to only cell-seeding 

rather than studying encapsulated cells. Therefore, future work should explore the mechanics of 

high concentration collagen pre-glycated with high ribose concentrations or extended glycation 

times when given more time to fully gel. This approach could allow for the determination of 

optimum pre-glycation conditions (collagen concentration, ribose concentration, glycation time) 

for creating collagen gels with highest mechanical properties and fastest rates of gelation. 
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4.6 Conclusions 

Overall, this study found that pre-glycation of high concentration collagen with high ribose 

concentrations and for long glycation times can impair gelation. The ability for pre-glycated 

collagen solutions to gel successfully was found to be strongly dependent on the ratio of added 

sugars to added AGEs. When the ratio is high and there are excessive amounts of sugar, gelation 

is impaired. However, when the ratio is low and most sugars have reduced to AGEs, gelation is 

successful. There is likely a competing effect during pre-glycation of the formation of AGEs 

resulting in crosslinking of collagen and the formation of Amadori intermediates acting to 

increase collagen solubility and impair collagen fibrillogenesis. The rheological properties of 

pre-glycated collagen that was able to gel successfully were also most strongly correlated with 

this ratio of added sugar to added AGEs. The storage modulus after gelation and the kinetics of 

gelation were both found to decrease when the ratio of added sugar to added AGEs increased, 

meaning that preferred rheological properties resulted from conditions with low ratios of added 

sugar to added AGEs. Future work on collagen glycation should focus on increasing the 

formation of AGEs while maintaining a low ratio of added sugar to added AGEs. 

4.7 Acknowledgments 

This work made use of the Cornell Center for Materials Research Shared Facilities which are 

supported through the NSF MRSEC program (DMR-1719875). This work was partially 

supported by a seed grant from the Cornell Center for Materials Research with funding from the 

NSF MRSEC program (DMR-1719875). This work was supported in part by the Cornell Center 

for Materials Research with funding from the Research Experience for Undergraduates program 



125 

(DMR-1757420 and DMR-1719875). The authors thank Marianne Lintz for creating the 

illustration depicting different ratios of added sugar to added AGEs in Figure 4.7. 

4.8 Conflicts of interest 

Dr. Bonassar is a co-founder of and holds equity in 3DBio Corp and is a consultant for Fidia 

Farmaceutici, SpA and Histogenics, Inc.   

4.9 References 

1. Antoine, E. E., Vlachos, P. P. & Rylander, M. N. Review of Collagen I Hydrogels for 

Bioengineered Tissue Microenvironments: Characterization of Mechanics, Structure, and 

Transport. Tissue Eng. Part B Rev. 20, 683–696 (2014). 

2. Abraham, L. C., Zuena, E., Perez-Ramirez, B. & Kaplan, D. L. Guide to collagen 

characterization for biomaterial studies. J. Biomed. Mater. Res. Part B Appl. Biomater. 

87B, 264–285 (2008). 

3. Yamamura, N., Sudo, R., Ikeda, M. & Tanishita, K. Effects of the Mechanical Properties 

of Collagen Gel on the In Vitro Formation of Microvessel Networks by Endothelial Cells. 

Tissue Eng. 13, 1443–1453 (2007). 

4. Chattopadhyay, S. & Raines, R. T. Review collagen-based biomaterials for wound 

healing. Biopolymers 101, 821–833 (2014). 

5. Smithmyer, M. E., Sawicki, L. A. & Kloxin, A. M. Hydrogel scaffolds as in vitro models 

to study fibroblast activation in wound healing and disease. Biomater. Sci. 2, 634–650 

(2014). 

6. Buchanan, C. F. et al. Three-Dimensional Microfluidic Collagen Hydrogels for 

Investigating Flow-Mediated Tumor-Endothelial Signaling and Vascular Organization. 

Tissue Eng. Part C Methods 20, 64–75 (2014). 

7. Nemir, S. & West, J. L. Synthetic Materials in the Study of Cell Response to Substrate 

Rigidity. Ann. Biomed. Eng. 38, 2–20 (2010). 

8. Abe, H., Hayashi, K. & Sato, M. Data Book on Mechanical Properties of Living Cells, 

Tissues, and Organs. (Springer Japan, 1996). 



126 

9. Nahum, A. M. & Melvin, J. W. Accidental Injury: Biomechanics and Prevention. 

(Springer Science, 2002). 

10. Samani, A., Zubovits, J. & Plewes, D. Elastic moduli of normal and pathological human 

breast tissues: an inversion-technique-based investigation of 169 samples. Phys. Med. 

Biol. 52, 1565–1576 (2007). 

11. Tan, W., Krishnaraj, R. & Desai, T. A. Evaluation of Nanostructured Composite 

Collagen–Chitosan Matrices for Tissue Engineering. Tissue Eng. 7, 203–210 (2001). 

12. Sargeant, T. D., Desai, A. P., Banerjee, S., Agawu, A. & Stopek, J. B. An in situ forming 

collagen–PEG hydrogel for tissue regeneration. Acta Biomater. 8, 124–132 (2012). 

13. Rhee, S., Puetzer, J. L., Mason, B., Reinhart-King, C. A. & Bonassar, L. J. 3D Bioprinting 

of spatially heterogeneous collagen constructs for cartilage tissue engineering. ACS 

Biomater. Sci. Eng. 2, 1800–1805 (2016). 

14. Diamantides, N. et al. Correlating rheological properties and printability of collagen 

bioinks: the effects of riboflavin photocrosslinking and pH. Biofabrication 9, 034102 

(2017). 

15. Orban, J. M. et al. Crosslinking of collagen gels by transglutaminase. J. Biomed. Mater. 

Res. 68A, 756–762 (2004). 

16. Chen, R.-N., Ho, H.-O. & Sheu, M.-T. Characterization of collagen matrices crosslinked 

using microbial transglutaminase. Biomaterials 26, 4229–4235 (2005). 

17. Tian, Z., Liu, W. & Li, G. The microstructure and stability of collagen hydrogel cross-

linked by glutaraldehyde. Polym. Degrad. Stab. 130, 264–270 (2016). 

18. Lv, Q., Hu, K., Feng, Q. & Cui, F. Fibroin/collagen hybrid hydrogels with crosslinking 

method: Preparation, properties, and cytocompatibility. J. Biomed. Mater. Res. Part A 

84A, 198–207 (2008). 

19. Tirella, A., Liberto, T. & Ahluwalia, A. Riboflavin and collagen: New crosslinking 

methods to tailor the stiffness of hydrogels. Mater. Lett. 74, 58–61 (2012). 

20. Roy, R., Boskey, A. & Bonassar, L. J. Processing of type I collagen gels using 

nonenzymatic glycation. J. Biomed. Mater. Res. Part A 843–851 (2009). 

doi:10.1002/jbm.a.32231 

21. Mason, B. N., Starchenko, A., Williams, R. M., Bonassar, L. J. & Reinhart-King, C. A. 

Tuning three-dimensional collagen matrix stiffness independently of collagen 

concentration modulates endothelial cell behavior. Acta Biomater. 9, 4635–4644 (2013). 

22. Francis-Sedlak, M. E. et al. Characterization of type I collagen gels modified by glycation. 

Biomaterials 30, 1851–1856 (2009). 



127 

23. Suh, Y. J. et al. Glycation of collagen matrices promotes breast tumor cell invasion. 

Integr. Biol. (2019). doi:10.1093/intbio/zyz011 

24. Nuhn, J. A. M., Perez, A. M. & Schneider, I. C. Contact guidance diversity in rotationally 

aligned collagen matrices. Acta Biomater. 66, 248–257 (2018). 

25. Carey, S. P., Martin, K. E. & Reinhart-King, C. A. Three-dimensional collagen matrix 

induces a mechanosensitive invasive epithelial phenotype. Sci. Rep. 7, 42088 (2017). 

26. Bordeleau, F. et al. Matrix stiffening promotes a tumor vasculature phenotype. Proc. Natl. 

Acad. Sci. U. S. A. 114, 492–497 (2017). 

27. Wang, W., Miller, J. P., Pannullo, S. C., Reinhart-King, C. A. & Bordeleau, F. 

Quantitative assessment of cell contractility using polarized light microscopy. J. 

Biophotonics 11, e201800008 (2018). 

28. Reiser, K. M. Nonenzymatic Glycation of Collagen in Aging and Diabetes. Exp. Biol. 

Med. 196, 17–29 (1990). 

29. Reiser, K., McCormick, R. J. & Rucker, R. B. Enzymatic and nonenzymatic cross-linking 

of collagen and elastin. FASEB J. 6, 2439–49 (1992). 

30. Paul, R. G. & Bailey, A. J. Glycation of collagen: the basis of its central role in the late 

complications of ageing and diabetes. Int. J. Biochem. Cell Biol. 28, 1297–1310 (1996). 

31. Roy, R., Boskey, A. L. & Bonassar, L. J. Non-enzymatic glycation of chondrocyte-seeded 

collagen gels for cartilage tissue engineering. J. Orthop. Res. 26, 1434–1439 (2008). 

32. Gostynska, N. et al. 3D porous collagen scaffolds reinforced by glycation with ribose for 

tissue engineering application. Biomed. Mater. (2017). doi:10.1088/1748-605X/aa7694 

33. Krishnakumar, G. S. et al. Ribose mediated crosslinking of collagen-hydroxyapatite 

hybrid scaffolds for bone tissue regeneration using biomimetic strategies. Mater. Sci. Eng. 

C 77, 594–605 (2017). 

34. Girton, T. S., Oegema, T. R. & Tranquillo, R. T. Exploiting glycation to stiffen and 

strengthen tissue equivalents for tissue engineering. J. Biomed. Mater. Res. 46, 87–92 

(1999). 

35. Girton, T. S., Oegema, T. R., Grassl, E. D., Isenberg, B. C. & Tranquillo, R. T. 

Mechanisms of Stiffening and Strengthening in Media-Equivalents Fabricated Using 

Glycation. J. Biomech. Eng. 122, (2000). 

36. Figueroa, D. S., Kemeny, S. F. & Clyne, A. M. Glycated Collagen Impairs Endothelial 

Cell Response to Cyclic Stretch. Cell. Mol. Bioeng. 4, 220–230 (2011). 

37. Berger, A. J., Linsmeier, K. M., Kreeger, P. K. & Masters, K. S. Decoupling the effects of 



128 

stiffness and fiber density on cellular behaviors via an interpenetrating network of gelatin-

methacrylate and collagen. Biomaterials 141, 125–135 (2017). 

38. Francis-Sedlak, M. E. et al. Collagen glycation alters neovascularization in vitro and in 

vivo. Microvasc. Res. 80, 3–9 (2010). 

39. Sherlock, B. E. et al. Nondestructive assessment of collagen hydrogel cross-linking using 

time-resolved autofluorescence imaging. J. Biomed. Opt. 23, 1 (2018). 

40. Cross, V. L. et al. Dense type I collagen matrices that support cellular remodeling and 

microfabrication for studies of tumor angiogenesis and vasculogenesis in vitro. 

Biomaterials 31, 8596–8607 (2010). 

41. Menges, F. Spectragryph - opitcal spectroscopy software. (2018). 

42. Kuznetsova, N., Chi, S. L. & Leikin, S. Sugars and Polyols Inhibit Fibrillogenesis of Type 

I Collagen by Disrupting Hydrogen-Bonded Water Bridges between the Helices. 

Biochemistry 37, 11888–11895 (1998). 

43. Rathi, A. N., Padmavathi, S. & Chandrakasan, G. Influence of monosaccharides on the 

fibrillogenesis of type I collagen. Biochem. Med. Metab. Biol. 42, 209–215 (1989). 

44. Guitton, J. D., Pape, A., Sizaret, P. Y. & Muh, J. P. Effects of in vitro N-glucosylation on 

type-I collagen fibrillogenesis. Biosci. Rep. 1, 945–954 (1981). 

45. Shamloo, A. & Heilshorn, S. C. Matrix density mediates polarization and lumen formation 

of endothelial sprouts in VEGF gradients. Lab Chip 10, 3061 (2010). 

46. Rao, R. R., Peterson, A. W., Ceccarelli, J., Putnam, A. J. & Stegemann, J. P. Matrix 

composition regulates three-dimensional network formation by endothelial cells and 

mesenchymal stem cells in collagen/fibrin materials. Angiogenesis 15, 253–264 (2012). 

47. Sieminski, A. ., Hebbel, R. . & Gooch, K. . The relative magnitudes of endothelial force 

generation and matrix stiffness modulate capillary morphogenesis in vitro. Exp. Cell Res. 

297, 574–584 (2004). 

48. Gautieri, A. et al. Advanced glycation end-products: Mechanics of aged collagen from 

molecule to tissue. Matrix Biol. 59, 95–108 (2017). 

 



129 

4.10 Supplemental information 

 
Figure 4.S 1. Correlations between rheological properties from testing varying ribose 

concentration and sugar addition (A,D,G,J), AGE formation (B,E,H,K), and ratio of sugar 

addition to AGE formation (C,F,I,L). 
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Figure 4.S 2. Correlations between rheological properties from testing varying glycation 

time and sugar addition (A,D,G,J), AGE formation (B,E,H,K), and ratio of sugar addition 

to AGE formation (C,F,I,L). 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions 

The objective of this work was to investigate how collagen-tuning parameters could be used 

to improve collagen bioinks. The long-term goal of this work is to create collagen bioinks that 

can be used to bioprint cartilage constructs such as articular cartilage, menisci, or auricles. 

Cartilage tissue is unable to heal well after injury by itself1, but tissue engineering treatments 

have shown clinical success2-4. A number of strategies have been developed to create tissue 

engineered cartilage using different materials and cell types and this body of work has shown 

that when primary chondrocytes are encapsulated within a 3D hydrogel, the chondrocytes 

maintain their phenotype and produce cartilage matrix5-11. The Bonassar lab has tissue 

engineered cartilage constructs that have shown success in vitro and in vivo using collagen 

hydrogels12-16. These collagen-based cartilage constructs have been created using more 

traditional biofabrication methods, such as injection molding. However, the ability to fabricate 

these constructs using bioprinting methods will allow for more efficient scaling for mass 

manufacturing. 

Bioprinting allows for the creation of constructs with complex geometries that can be patient-

specific, with multiple types of materials or cells, and with precise controls of the placement of 

materials and cells. Additionally, bioprinting allows for the entire fabrication process to be 

automated, removing the costs and time associated with human factors and errors. However, for 

bioprinting to become a feasible fabrication method, collagen bioinks need to be developed that 

exhibit improved printability while maintaining the biomaterial’s cell-friendly properties. 
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To develop collagen bioinks appropriate for cartilage tissue engineering, this work 

investigated several collagen-tuning parameters. Most collagen-tuning parameters have been 

studied previously using low collagen concentrations. However, less is known about how high 

concentration collagen responds to changes in these parameters or how these changes could 

affect the printability of a collagen bioink. Printability has previously been shown to be 

improved with increasing collagen concentration17, so it is important to determine how high 

concentration collagen is affected by collagen-tuning parameters. This work determined how 

riboflavin photocrosslinking, pH, and cell density affect the rheology and printability of collagen 

bioinks. Additionally, by investigating glycation using ribose, this work determined that some 

collagen-tuning parameters are not appropriate for bioprinting applications. 

In Chapter 2, riboflavin photocrosslinking and pH variations were investigated to improve 

the printability of collagen bioinks. Previous studies had found that collagen gel mechanics can 

be improved by crosslinking with riboflavin18 and varying pH19-21, but these techniques had yet 

to be applied to collagen bioinks. Riboflavin photocrosslinking is an interesting collagen-tuning 

parameter for collagen bioinks because it could be used to improve the printability for extrusion 

bioprinting and could inform how collagen could be used with other light-based bioprinting 

methods, such as stereolithography. Riboflavin photocrosslinking was found to increase the 

mechanics and printability of collagen bioinks of varying collagen concentrations (4-12 mg/mL). 

Riboflavin photocrosslinking resulted in a decrease in cell viability likely because of the free 

radicals created during the photocrosslinking process. However, this cell death can be minimized 

by decreasing the concentration of riboflavin, which would likely not significantly affect the 

improved printability achieved using riboflavin. Future studies could determine an optimum 

riboflavin concentration for collagen bioinks to maximize both printability and cell viability. 
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This could be further optimized to account for collagen concentration and cell type. Additionally, 

future studies could investigate how printability is affected by photocrosslinking the collagen 

before printing rather than photocrosslinking during extrusion as was performed in Chapter 2.  

The pH of collagen bioinks can easily be adjusted by varying the amount of base added to the 

acidic collagen solution. This is a promising tuning parameter because it does not require any 

additional components or changes to the bioprinting workflow and, therefore, can be easily 

implemented. The mechanics and printability of collagen bioinks was found to be non-linearly 

dependent on pH with maxima occurring around pH 8 for 8 mg/mL collagen bioinks. Cell 

viability was found to be unaffected by pH likely because samples were returned to neutral pH 

immediately after gelation. Future studies should confirm that this optimum pH is conserved for 

varying collagen concentrations. Additionally, future studies could determine if high cell 

viability is observed for cell types other than chondrocytes, such as mesenchymal stem cells 

which have shown promise for cartilage tissue engineering. 

From the work in Chapter 2, a data set of collagen bioink rheology and printability was 

established that was then used to determine how printability could be best predicted from 

rheological testing. Collagen bioink printability was found to be most strongly correlated with 

storage modulus before gelation which is the modulus that would be associated with the collagen 

during extrusion. These bioinks begin to gel once they are deposited on the printing surface, but 

they take about 1.5-2 minutes to fully gel. Therefore, the amount the collagen spreads, or the 

bioink’s printability, is largely dependent on the viscosity of the collagen when it is first 

deposited on the printing surface. Therefore, efforts to improve the printability of collagen 

bioinks should focus on increasing the storage modulus before gelation. Additionally, future 
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collagen bioink formulations can be screened by measuring this rheological parameter rather 

than performing print experiments that can require higher volumes of materials and more time 

and resources. 

In Chapter 3, the effect of cell concentration on collagen bioink rheology and printability was 

determined. Cells are a critical component to any bioink but how the incorporation of cells 

affects bioink printability has only been studied in one instance and this was using a relatively 

low cell concentration of 1.5 million cells/mL22. Cartilage tissue engineering utilizes a wide 

range of cell concentrations and our lab regularly uses 25 million cells/mL for tissue engineering 

collagen-based menisci and auricles12,23. High cell concentrations are also involved in cartilage 

development where a dense mesenchymal condensation forms cartilage tissue during 

embryogenesis24,25 so high cell densities may be beneficial to engineering cartilage constructs. 

Therefore, the effects of high cell concentrations, up to 100 million cells/mL, were investigated. 

High cell concentrations were found to increase the storage modulus of collagen bioinks before 

gelation and improve printability. Additionally, these cells survived the printing process and 

maintained their function after 14 days in culture. This work supports the use of collagen bioinks 

for cartilage tissue engineering showing that high cell densities can be incorporated into the 

bioink while improving bioink printability and maintaining cell function. Future studies could 

investigate if the same trends hold for different cell types or different concentrations of collagen. 

From this study, existing theoretical models were used to predict the rheological properties of 

bioinks containing varying cell concentrations. These models predicted the trends in the 

rheological data but did not fit the experimental data perfectly. A new model could be developed 

that better predicts the experimental results. This new model would be more universally 
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applicable if new data for different cell types and bioink materials were included. Such a 

universal model could be used to assess the rheological behavior of any cell-laden bioink. 

In Chapter 4, the effect of pre-glycation using ribose on high concentration (8 mg/mL) 

collagen was determined. Previous studies had found that pre-glycation of low concentration 

collagen resulted in increased mechanics26,27, increased matrix deposition by encapsulated 

chondrocytes28, and increased retention of matrix components28. Pre-glycation was a promising 

tuning-parameter for collagen bioinks because pre-glycation occurs before the incorporation of 

cells into the collagen so this process is very cell-friendly and avoids any cytotoxicity that can 

result from post-glycation processing. Additionally, pre-glycation could result in crosslinks 

forming between collagen monomers while the collagen is still in solution which could increase 

the storage modulus before gelation and could have improved printability. We hypothesized that 

the same improvements in mechanics seen with low concentration collagen could be achieved 

for high concentration collagen by using increased ribose concentrations or extended glycation 

times. However, we found that the effect of ribose glycation on high concentration collagen did 

not exhibit the same trends as low concentration collagen. Rather, we found that for high 

concentration collagen, pre-glycation with high ribose concentrations or extended glycation 

times can impair collagen gelation. We found that the ability to gel successfully was strongly 

dependent on the ratio of added sugar to added AGEs. When the ratio is low and most sugars 

have been converted to AGEs, gelation is successful. However, when the ratio is high and many 

sugars and sugar intermediates that have not fully reduced to AGEs are present, gelation is 

impaired. We hypothesize that this excess of bound sugars could be impairing collagen 

fibrillogenesis by increasing the solubility of collagen monomers, blocking binding sites, and/or 

decreasing the flexibility of the collagen. 
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Overall, these findings from Chapter 4 suggest that pre-glycation is not an effective tuning-

parameter for improving the printability of collagen bioinks because collagen bioinks tend to use 

high collagen concentrations. Gelation was impaired such that collagen solutions could not gel 

within 30 minutes at 37 °C which makes these pre-glycated solutions unsuitable for bioprinting. 

However, they could still be useful for other applications where rapid gelation is not as 

necessary. Therefore, future studies could investigate how the mechanics of these collagen gels 

are affected by pre-glycation when given an extensive amount of time to fully gel. 

5.2 Future directions 

This work investigated how collagen-tuning parameters could be used to improve the 

printability of collagen bioinks. However, additional work is still necessary to develop ideal 

collagen bioinks for cartilage bioprinting and to build upon the findings presented in this thesis. 

5.2.1 Mechanistic understanding of pre-glycation 

In Chapter 4, pre-glycation was found to impair the gelation of high concentration collagen 

solutions, an effect that has not been reported for low concentration collagen. While this makes 

pre-glycation a non-ideal tuning parameter for collagen bioinks, pre-glycation remains a tool 

used to improve the mechanics of tissue engineered constructs and to develop tissue models for 

diabetes, aging, and other diseases. Understanding how and why the effects of pre-glycation are 

collagen concentration-dependent could be extremely beneficial. This knowledge could inform 

how glycation is used to develop tissue engineered constructs and tissue models. The AGEs that 

result from pre-glycation may be found to not accurately mimic those produced in situ which 

could affect the use of pre-glycation for studying diabetes and aging. Additionally, ideal 
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glycation conditions were found to be those that resulted in a low ratio of added sugar to added 

AGEs. Understanding how to maximize the formation of AGEs while maintaining a low ratio of 

added sugar to added AGEs would allow for the most effective use of glycation to improve the 

mechanics of collagen hydrogels. 

An investigation could attempt to identify the types of AGEs that form using different 

collagen concentrations, ribose concentrations, and glycation times. This could be done using 

liquid or gas chromatography and mass spectrometry29,30, ELISA assay31, or 

trinitrobenzenesulfonic acid method32. Rheological measurements taken over extended time 

periods could be used to assess how the different conditions affect collagen fibrillogenesis and 

mechanics. Various biochemical imaging techniques such as Raman33, FTIR mapping34,35, or 

immunohistochemical staining36, could be used to assess how AGEs are distributed throughout 

the collagen network. Additionally, techniques such as confocal reflectance imaging35, spatially 

resolved diffuse reflectance spectroscopy35, or X-ray diffraction37, could be used to determine 

how glycation affects collagen fiber morphology. This information could help to inform how to 

maximize the benefits of collagen glycation. 

5.2.2 Effect of enzymatic crosslinking on bioink printability 

Crosslinking is an effective method for improving the mechanics of collagen gels. However, 

this thesis has shown that not all crosslinking methods are ideal for collagen bioprinting 

applications; photocrosslinking with riboflavin was effective (Chapter 2) but crosslinking 

through glycation with ribose was not (Chapter 4). Another collagen crosslinking method that 

was not explored in this thesis is enzymatic crosslinking. Enzymatic crosslinking using 
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transglutaminase has been shown to increase collagen mechanics38,39 and gelation rate40. 

However, it is unclear how transglutaminase would affect high concentration collagen bioinks. 

Transglutaminase would likely increase the storage modulus of collagen after gelation and 

increase the rate of gelation. But it is unknown how transglutaminase could affect the storage 

modulus of collagen before gelation or the printability of the bioink. Therefore, a rheological 

study similar to those conducted in Chapters 2-4 should be performed to assess how varying 

concentrations of transglutaminase affect high concentration collagen bioinks. If 

transglutaminase is found to increase the storage modulus before gelation, printability should be 

assessed in a manner similar to what was performed in Chapters 2 and 3 to determine if 

crosslinking with transglutaminase is an appropriate tuning parameter to improve collagen 

bioinks. 

5.2.3 Collagen fiber printing 

The long-term goal of this work is to create collagen bioinks for cartilage tissue bioprinting. 

Most cartilaginous tissue, such as articular cartilage, menisci, and intervertebral discs, are 

characterized by distinct collagen fiber morphologies. A goal in engineering these tissues is to 

replicate these native fiber morphologies. Using collagen hydrogels to engineer these tissues 

means that collagen fibers are present and can be acted upon by cells or other factors to create 

the desired morphologies. However, obtaining these desired morphologies usually requires 

extensive culture times41-44 that are not ideal for scaling up the manufacturing of these constructs. 

Ideally, these constructs would be fabricated such that native-like fiber morphology is 

maximized while culture time is minimized. This could be achieved by controlling collagen fiber 

morphology or alignment during bioprinting. 
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A previous study has found that collagen fibers tended to align based on the direction in 

which the collagen was printed when the collagen was mixed with Pluronic F-12745. This 

suggests that collagen fiber morphology could be controlled by controlling the print path and the 

shear stress the collagen is exposed to during extrusion. The print path can be controlled using 

the G-code created for a given construct. Shear stress can be varied by changing the viscosity of 

the collagen bioink or by changing the diameter of the printing nozzle. It could be particularly 

interesting to investigate the effects of increasing shear stress by partially gelling the collagen 

solution. Partially gelling could be achieved by riboflavin photocrosslinking or short exposure to 

high temperatures and could result in the initiation of collagen fiber formation and these fibrils 

could be more strongly aligned by the applied shear stress than collagen monomers in solution. 

For such a study, rheological testing can be used to assess collagen bioink viscosity. This 

information can then be combined with geometry of the nozzle in a finite element model to 

determine the shear stresses applied to the bioink during extrusion. Collagen fiber alignment can 

be assessed using second harmonic generation imaging, confocal reflectance imaging, scanning 

electron microscope imaging, and/or histological staining with picrosirius red and polarized light 

imaging. It would also be important to determine how this fiber morphology is maintained over 

time with and without cells. This investigation could elucidate methods for fabricating cartilage 

constructs with native-like fiber morphologies that do not require extensive culture times. 
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