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Abstract 

 Tracheal failures due to trauma, disease, or congenital anomalies, if not fatal, 

severely decrease quality of life. While small defects can be resolved surgically with 

resection and anastomosis, defects exceeding a critical length of trachea require graft 

material. This critical length varies from 50% in adults to 30% in children. Current 

silicone grafts pose further challenges for pediatric patients, who require yearly follow up 

surgeries to adjust the implant to their growing bodies. To assuage these challenges, the 

work in this thesis seeks to develop biologically derived grafts with the potential to grow 

and respond to the needs of pediatric patients. First, this work focuses on incorporating 

extracellular matrix (ECM) into bioinks for 3D bioprinting patient specific, tissue 

engineered constructs. The results discussed in this dissertation show while ECM is a 

powerful mediator of cell behavior, its efficacy can be inhibited by chemical modification. 

Lastly, this work investigates an in vivo rabbit model for evaluating tracheal transplants 

and poses further questions concerning the regenerative capabilities of tracheal 

cartilage.    
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Chapter 1 Introduction 

The material in this Chapter is adapted from: 

Galliger Z, Vogt CD, Panoskaltsis-Mortari A. 3D bioprinting for lungs and hollow organs. 

Translational Research. 2019;211:19-34. doi:10.1016/j.trsl.2019.05.0011  

1.1: The Trachea 

The trachea is a simple but vital organ whose failure can be acutely fatal 2. 

Tracheal failure primarily pertains to obstruction of the airway. While there are several 

treatment options for minor cases, large scale defects, such as congenital atresia, 

require a graft replacement. Robust, solid, synthetic materials such as silicone are used 

to replace the diseased tissue. However, these implants present several challenges 

when used to treat pediatric patients since they cannot grow with the child, requiring 

multiple replacement surgeries over their lifetime. This thesis work seeks to develop 

strategies for biologically derived tracheal grafts produced from porcine tracheal 

cartilage and human cells, with the potential to grow with the pediatric patient.  

1.1.1: Tracheal Anatomy 

The trachea begins at the end of the larynx and branches into the main bronchi 

of the lungs. It is composed of 16 to 20 cartilaginous crescent shaped rings, which resist 

compressive force to the throat and hold the airway open during inhalation.3 Small 

sections of transverse smooth muscle connect to either end of the crescents completing 

the posterior portion of each ring, this region is overlapped transversely by a layer of 

smooth muscle running along the entire length of the trachea. These rings are further 

secured by two fibro-elastic membranes, a thinner membrane on the luminal side and a 

thicker one on the outer layer. The lumen of the trachea is lined by a ciliated epithelium 

and mucosa which clears the airway of debris.  
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At birth, the trachea is on average 5 cm long and roughly circular with an inner 

diameter of 4 to 5 mm.  As the trachea grows it becomes more oblong, reaching inner 

diameters of 10-27 mm sagittally and 10-25 mm coronally. The final adult human length 

between 8.5 cm to 15 cm is reached at around 14 years of age, but may continue to 

dilate.4  On average the male trachea is 11 cm, slightly longer than the female trachea at 

10 cm.  The length of the trachea is also dynamic, able to increase by 25% during 

respiration and hyperflexion.3     

1.1.2: Tracheal Failure 

The most common disease state is tracheal stenosis, it is estimated that there 

are 4.9 severe stenosis cases per million each year in the general population.5 Tracheal 

stenosis has many potential causes including perichondritis, chondritis, tumors, burns, 

trauma, congenital hypoplasia, malformed tracheal rings, and post-intubation injury.6  

During intubation, the endotracheal tube may damage the epithelial lining of the trachea. 

The damaged region then signals the surrounding cells to proliferate and begin the 

wound healing process, often forming scar tissue. Excess scar tissue may then grow into 

the airway, causing the stenosis.7,8  Less common but equally challenging is tracheal 

malacia, where the cartilaginous rings of the trachea are either misshaped or weakened. 

Without the support of the cartilage, the airway can collapse during inhalation and 

suffocate the patient.9 This can be caused by a congenital defect, acquired as a result of 

prolonged intubation, or severe tracheobronchitis. Specifically affecting pediatric patients 

are congenital defects, such as tracheal atresia, the complete absence of the trachea, 

often coinciding with the absence of the esophagus.10,11  In addition, tracheoesophageal 

fistula is the fusion of the trachea and esophagus, which creates many issues.12   
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1.1.3: Current Treatments & Limitations 

Current treatments for tracheal failure focus on reshaping or clearing diseased 

tissue but most are only effective on small areas. Bronchoscopic tracheal dilation uses 

an inflatable balloon or other tools to force the walls of a stenotic trachea open. 

Unfortunately, it usually only relieves symptoms for a short time, but allows physicians to 

examine the extent of stenosis.13 Laser bronchoscopy can be used to remove scar 

tissue blocking the airway, but may cause further scar formation and exacerbate 

stenosis long term.14 Tracheo-bronchial airway stents function similarly to cardiovascular 

stents, holding the walls of the airway open with a metal mesh. However, they can 

damage the epithelial lining or be dislodged and expelled from the airway. 5    

The few permanent solutions are surgical. Slide tracheoplasty is the most 

common treatment for stenosis, where the affected region is surgically excised and the 

remaining tissue is anastomosed.15 However, this technique is ineffective when the 

damaged portion of the trachea reaches a critical length.  In adults, that length is 

anything greater than 50% of the trachea, on average 6 cm or more.6  For pediatric 

patients that length can be as little as 30% of the total trachea, ranging between 1 and 3 

cm.16  In these cases, the current standard is a tracheostoma, where the lower remnant 

of the trachea is surgically anchored to the exterior of the neck.6 Unfortunately, this 

procedure raises concerns on quality of life. This essentially bypasses the upper 

respiratory system including the sinuses and larynx, eliminating the body’s natural air 

quality conditioning system and making speech more challenging. If there is an 

insufficient length of trachea to even accomplish this, an implant must be used to replace 

the lost tissue.  

Many tissues and materials have been investigated as replacement tissues with 

mixed results. The obvious first choice would be a compatible, cadaveric allograft, 
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however these often fail to properly engraft and are rejected by the host.17 Even tracheal 

autografts, momentarily separated from the surrounding tissue, often fail because the 

revascularization is insufficient to support the transplanted cells.17  Synthetic materials 

such as silicone tubes have also been used to replace the airway, but they lack the 

epithelial layer needed for normal transport of mucous and cannot adapt to growing 

patients.  

There have been many attempts to engineer tracheal tissue, but most have relied 

on a synthetic component to provide mechanical strength which cannot serve as a long-

term solution for pediatric patients, because the material cannot grow over time.18–22  

Pediatric patients require multiple surgeries until their airway reaches its terminal size. 

These engineered constructs also face challenges integrating with the host tissue. The 

most promising approach so far has been transplanting decellularized, cadaveric 

tracheal tissue seeded with the patient’s own cells but there have been mixed results 

with severe complications.23,24 Decellularization of the donor tissue removes most 

antigenic components and, combined with recolonizing the tissue with autologous cells, 

minimizes the need for immune suppression. However, the cartilage tissue can lose 

mechanical strength through the decellularization process and does not fully recolonize, 

leaving large acellular regions in the construct.  

1.2: Current 3D Bioprinting Approaches 

Over the last decade, 3D bioprinting has emerged as a promising technology to 

rapidly produce patient-specific tissue constructs.25  Bioprinting, as opposed to regular 

3D printing, involves the layer-by-layer deposition of biologically-derived materials or 

cells.26 There are multiple modalities, but often they can be categorized as acellular 

printing with subsequent recellularization versus direct printing with cells suspended in a 

“bioink”.27 Compared to cell-sheet engineering techniques, 3D bioprinting has an 
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advantage of creating more complex architectures. It also has the potential to address 

problems of insufficient cell ingrowth into decellularized matrices, since cells can be 

introduced directly throughout the volume of the bioprinted construct. There is an ever-

growing number of methods for material deposition, and each has its limitations. Laser-

based printers can achieve single-cell resolution but cannot quickly produce large 

volumes of material, whereas extrusion-based printers can print quickly but are generally 

limited to a resolution of approximately 100 microns.28 Possibly the greatest benefit of 3D 

bioprinters in airway tissue engineering is the ability to create hollow structures with 

multiple layers of different cells and materials.  

1.2.1: Dual-Headed Printing:  

In a recent study by Kaye et al., a dual-headed system was used to print both 

polycaprolactone (PCL) and an alginate/collagen I hydrogel using a partial ring segment 

design.29 The hydrogel used was a 50/50 blend of 3% alginate and a 2.8 mg/ml collagen 

type 1 hydrogel, seeded with chondrocytes from rabbit tracheal cartilage. Using a dual-

head extruder, a layer of PCL was printed, allowed to cool, then followed by a layer of 

hydrogel.  The completed graft was then implanted in New Zealand white rabbits. The 

opening of the graft aligned with the trachealis muscle, which runs vertically on the 

posterior of the trachea. These grafts were harvested at three or six weeks after 

implantation.  The cartilage formation was histologically evaluated using the modified 

O’Driscoll score, a histological scoring system that evaluates cartilage regeneration.30 

While there was not a significant difference in scores between the two time points, the 

score was higher at either end of the graft where it overlapped native tissue compared to 

the center, indicating better cartilage growth.  Unfortunately, all grafts had significant 

stenosis. The authors noted decreased inflammation where native tracheal epithelium 

had grown over the graft, acting as a boundary. The authors suggested that this 
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boundary may decrease the shear stress on the graft from the air or isolate the graft 

from fluids in the airway.  Either of these mechanisms could be replicated by seeding the 

airway with autologous epithelial cells in future constructs. 

         One major advantage of bioprinting, compared to other fabrication methods, is 

the ability to print complex patterns within a larger geometry.  Exploring this benefit, Bae 

et al. produced a tracheal graft made of alternating layers of PCL and cell-laden alginate 

printed in overlapping patterns.31  A diagram of this method is shown in Figure 1-1A. 

PCL was printed in the diagonal grids for the first and fifth layers, providing structural 

support while leaving negative space for nutrient transport. The center layers were 

helical form. The second and fourth layers were alginate seeded with epithelial cells and 

mesenchymal stromal cells (MSCs) respectively, with a layer of PCL between them. This 

resulted in a mechanically robust graft. These grafts were implanted in New Zealand 

white rabbits and observed for twelve weeks. Over this time course, there were no 

significant respiratory complications or stenoses. Epithelial mucosa over the entire 

defect area was observed as well as localized neo-cartilage formation.  This work was 

followed up by Park et al, with a longer in vivo study examining the grafts up to one year 

post implant.32  After 3 months, histology revealed ciliated epithelium on the bioprinted 

grafts, while the PCL-alone controls had only granulated tissue. Immature cartilage islets 

were seen after 6 months, but they did not form cartilage rings.  These promising 

survival results exemplify the benefits of 3D bioprinting, based on strategic patterning of 

both matrix and cells. 

1.2.2: Organoid Printing: 

      Shifting away from using polymers, Taniguchi et al. used a removable needle 

array to organize spherical organoids into a tracheal structure. Rat chondrocytes, 

endothelial cells, and MSCs were combined in pellet culture to form cell aggregates.33  
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Aggregated spheroids were then assembled into a tracheal construct in a needle array.  

After 7 days, the needles were removed, and a stent was placed in the lumen to prevent 

lumen compaction. The construct was moved to a bioreactor for 28 days.  The mature 

construct was then implanted in an isogenic rat, with the stent included for 23 days.  This 

process is illustrated in Figure 1-1B.  Microvessels with red blood cells were observed in 

the graft after 8 days in vivo. Further study is needed to verify whether the seeded 

endothelial cells accelerated in vivo vascularization, and whether the microvessels were 

host or donor-derived.   

This approach was expanded by Machino et al, incorporating layers of 

fibroelastic tissue between the cartilage organoids, more like the native trachea.34 

Cartilaginous organoids were made by coculturing normal human articular chondrocytes 

(NHACs), human umbilical vein endothelial cells (HUVECs), and MSCs. Fibrous 

organoids were made using HUVECs, MSCs, and normal human dermal fibroblasts 

(NHDFs). These organoids were stacked in alternating layers in the needle array to 

mimic the rings of the trachea. These constructs were kept on the needle array for 7 

days, then moved to a bioreactor to mature for 28 days. The mature grafts were then 

implanted in a rat model, supported by a silicone stent, and examined 7 days and 35 

days after implant. Sections from 7 days in vivo show aggregates of CD31+ cells, 

indicating nascent vessel formation. At day 35 CD31+ staining showed more mature 

vessels with larger lumens. After 35 days in vivo, pan-cytokeratin positive cells were also 

present, suggesting the spread of the epithelium from the native tissue. This approach is 

well-suited for larger airways, but it may have challenges in creating smaller airways and 

vasculature. With small airways and alveoli, the lumens may be on a similar scale as the 

needles in the array, leaving significant holes in the tissue.  To address this challenge, 

alternative support strategies should be investigated. Other printing methods use 
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support baths of sacrificial materials, such as a slurry of gelatin microparticles in the 

freeform reversible embedding of suspended hydrogels (FRESH) method for printing low 

viscosity bioinks.35 While gelatin is not suitable for supporting tissue geometry long term, 

similar approaches using other materials may be explored.     

1.3:  Bioprinting-Adjacent Approaches: 

In addition to bioprinting approaches, there are a number of tracheal construction 

strategies that rely on 3D printed plastic scaffolds that could be translated to bioprinting 

and whose results are applicable to the future expansion of bioprinting.  The following 

section will briefly discuss these approaches and their relevance to bioprinting.  

1.3.1: 3D Printed Bellows Tracheal Scaffold: 

Aiming to mimic the strength and flexibility of the trachea, Park et al. designed a 

bellows style graft.36  This design was based on native rabbit trachea, 5 mm in diameter 

with 1.5 mm convolutions every 3 mm along the graft. Using finite element modeling, 

they compared their bellows style geometry to a regular hollow cylinder. The bellows 

demonstrated increased resistance to compression while maintaining flexibility. This 

graft was produced by casting a blend of polycaprolactone (PCL) and gelatin in a 3D 

printed sacrificial mold.  To promote the formation of cartilage, rings of heparinized 

gelatin sponges loaded with recombinant human transforming growth factor beta 1 

(TGF-β1) were seeded with human nasal chondrocytes and manually placed around the 

graft.  A schematic of this process is shown in Figure 1-1C.  These grafts were 

implanted in a nude mouse model. After 8 weeks they observed sulfated 

glycosaminoglycan production in the gelatin sponges, similar to native cartilage.  

Experimental mechanics data supported their computer modeling. Radial compression 

data of the explant were also like the native trachea. Using a 3-point bend test, the 

explant and native trachea had a similar stiffness at low strain, but the native trachea 
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became stiffer than the explant after 2 mm of displacement.  While this approach uses 

traditional plastic printing to create a mold for tissue casting, the same graft design could 

be printed using a multi-head extrusion bioprinter, allowing the fabrication of branching 

structures. Innovations such as the “bellows” design highlight the potential of using novel 

geometries to satisfy the tissue function without attempting to fully recapitulate the native 

organ. Although, this approach has definite strengths, this kind of graft might face 

functional challenges long-term. As the PCL/gelatin scaffold degrades it would likely be 

replaced by scar tissue. The collagen dense tissue may surround and secure the 

cartilage rings, but it will likely be less flexible than native tissue. Following that approach 

for smaller airways, without cartilage tissue, the resulting fibrotic airway may be too stiff 

and present other challenges. One future approach to address this would be potentially 

seeding the bellows graft with pulmonary fibroblasts or another ECM-secreting cell type 

that could produce a wider range of matrix proteins, such as elastin, in addition to the 

chondrocytes.   

This same geometry was also used to examine epithelium growth for the tracheal 

lumen.  In this approach, the graft was made from PCL alone, but lined with epithelium 

derived from human turbinate stromal cells (hTMSCs) harvested from the nasal cavity of 

patients undergoing septoplasties and partial turbinectomies.37  The hTMSCs were 

grown as sheets on temperature-responsive dishes. These sheets were removed from 

the culture dish and attached to the graft lumen using a thin layer of atelocollagen, a 

soluble form of collagen primarily used in the cosmetic industry.  These tissue grafts, 5 

mm wide by 15 mm long, were then implanted in the anterior tracheal wall of a New 

Zealand white rabbit model. After four weeks, grafts coated with hTMSC sheets 

exhibited mature columnar epithelium while grafts with atelocollagen alone showed a 

more immature epithelium lacking mature cilia. From the staining data presented in the 
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paper, it is unclear if the hTMSCs became part of the columnar epithelium or simply 

helped accelerate native cell migration and maturation. This could be further examined 

using fluorescence or gene-marked cells.  Using this approach in a larger defect area or 

in the lower airways would be of interest for further investigation. 

1.3.2:  3D Printed Polymer Tracheal Scaffolds: 

       Building on the use of autologous cartilage grafting during laryngotracheal 

reconstruction, Goldstein et al. designed a 3D printed patch from polylactic acid and type 

1 collagen (Figure 1-1D).38 This patch was designed to be sutured directly into the wall 

of the trachea, providing additional tissue to expand the airway. The oblong patch 

scaffold, 8 x 3 x 1.2 mm, was printed out of polylactic acid (PLA) with multiple channels.  

Rabbit chondrocytes were harvested from a donor trachea, combined with the collagen 

solution and injected into the printed scaffold. The completed patches were then 

implanted into the anterior trachea of a New Zealand white rabbit model and sacrificed at 

4, 8, at 12 weeks. After 12 weeks, histological analysis showed aggrecan production 

without significant inflammation or granulation. In translating this approach to clinical 

use, the authors suggest using auricular cartilage, but it may also be worthwhile to 

explore using mesenchymal stromal cells (MSCs)-derived chondrocytes or another 

donor source site. Building on this approach, more complex 3D printed synthetic 

scaffolds could combine multiple cell types. 

      While still relying on 3D printed PCL rings for mechanical strength, Rehmani et 

al. combined these rings with decellularized dermal tissue (Figure 1-1E).39 Basing their 

graft on CT scans, they were able to produce personalized rings within 72 hours after 

the scan. These rings were then sutured to a hydrated sheet of decellularized bovine 

dermal collagen matrix.  These grafts were implanted in a porcine model, replacing the 

front half the cervical trachea.  The graft was monitored for three months using 
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bronchoscopy before animals were euthanized for histological evaluation.  Five of the 7 

animals survived to the end point, but all of the animals exhibited granulation at the graft 

interface. The authors surmised this was an effect of the ECM being rapidly resorbed by 

the host's cells, eliciting an immune response.  They suggested seeding the bovine ECM 

with autologous MSCs and epithelium, relying on MSC immunomodulatory properties, 

and the epithelium as a barrier to pathogens. One potential challenge to this approach is 

its long-term stability. Over time, the PCL will degrade through hydrolysis and, without it, 

the bovine ECM tissue will likely collapse. To prevent this, MSC seeding could be 

combined with growth factor delivery to promote localized cartilage differentiation.  

Townsend et al. also used a ring-supported mesh technique using 3D printed PCL rings 

embedded in an electrospun PCL patch (Figure 1-1F).40 To create this graft, they spun a 

base layer of isotropic PCL nanofibers on a mandrel matching the size of their target 

airway. The PCL rings were added to the mandrel and the spinning continued until the 

target thickness was reached. The PCL mesh was trimmed to be slightly larger than the 

tracheal defect in their animal model; a 1.5 x 2.5 cm elliptical opening on the anterior 

side of Rambouillet-Columbia sheep. The PCL rings extended past the defect site and 

were sutured into the surrounding tracheal wall. Trachea were retrieved 10 weeks after 

implantation due to respiratory concerns.  Tissue had grown over the luminal side of the 

graft causing stenosis. While native epithelium grew in from the edges of the construct, it 

did not reach the center region.  Overall, the 3D printed and electrospun PCL graft was 

able to create a liquid/air barrier in the ovine model. This approach has great potential as 

an off-the-shelf treatment for emergency surgery.  However, since it has no cellular 

components, the long-term healing process will likely result in scar tissue formation in 

the defect leading to a weaker region in the tracheal wall. Therefore, the lifetime of the 

graft is limited by degradation of the PCL unless the graft can recruit surrounding cells. 
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This could be attempted by including factors into the acellular scaffold or 3D printing 

biologically active matrix components.    
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1.4:  Figures  

 

Figure 1-1: Schematic summary of tracheal fabrication methods 

(A) Dual Head Extrusion Printing; multiple printing heads are used to print a construct of 

multiple materials with distinct regions. (B) Organoid Printing; spherical organoids are 

grown in a well plate, then assembled in a needle array and fused into a solid construct. 

(C) Bellows Graft; a mold is made using stereolithography, then the hydrogel mixture is 

injected and solidifies in the mold.  (D) Tracheal Patch; a PCL scaffold is printed, then 

flooded with a cell laden hydrogel. (E) Decelled ECM supported with 3D printed PCL 

rings; rings are printed out of PCL and sheets of decellularized tissue are wrapped 

around them.  (F) Electrospun PCL supported by 3D printed PCL rings; rings are printed 

out of PCL and then PCL is electrospun around them. 
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Chapter 2 Tracheal Cartilage Extracellular Matrix Isolation and 

Decellularization 

The material in this Chapter is adapted from: 

Galliger Z., Panoskaltsis-Mortari A. (2017) Tracheal Cartilage Isolation and 

Decellularization. In: Turksen K. (eds) Decellularized Scaffolds and Organogenesis. 

Methods in Molecular Biology, vol 1577. Humana Press, New York, NY. https://doi-

org.ezp1.lib.umn.edu/10.1007/7651_2017_5241 

2.1: Introduction 

Decellularized tissues have gained significant popularity as scaffolds for tissue 

engineering, especially for tracheal regeneration.2 Since these scaffolds are derived from 

native tissues, they may retain their microscopic structure and the extracellular matrix 

(ECM), allowing them to better recapitulate the microenvironment of living tissue when 

compared to synthetic materials alone.42 One of the most attractive features of 

decellularized scaffolds is their minimal antigenic potential, thereby increasing the 

versatility of allografts and xenografts.43  

Previously our lab has developed a method for whole organ level 

decellularization.44  However, not every application requires a whole decellularized 

organ. There are many cases where isolated tissue-specific ECM is beneficial, such as 

bioprinting, chemical modification of ECM proteins, and stem cell differentiation.45,46 The 

following protocol illustrates a method to isolate and decellularize tracheal cartilage ECM 

and prepare it for hydrogel incorporation, using porcine trachea and gelatin methacrylate 

as an example.  
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2.2: Materials & Methods 

2.2.1: Tissue Isolation 

After obtaining the trachea, rinse with deionized water to removed non-adhered 

cells and blood (Figure 2-1A). Using tweezers and scissors, remove the connective 

tissue surrounding the exterior of the trachea by pulling and snipping the outer layers 

(Figure 2-1 B&C). Open the trachea by making a full-length incision on the dorsal side 

(Figure 2-1D). Remove the epithelial layers and smooth muscle by inserting the tip of 

the tweezers under the superficial layer and sliding it along the full length of the trachea 

(Figure 2-1E). 5. Separate each cartilage ring by cutting them apart (Figure 2-1F). Cut 

each ring into 5-10mm sections and place in deionized water (Figure 2-1 G & H). 

2.2.2: Decellularization  

Combine the tissue with 100 ml of deionized water in a beaker. Allow tissue to soak 

for an hour while stirring (Figure 2-2 A & B). The decellularization process is best done 

at 4˚C to prevent the growth of bacteria during the initial wash, however room 

temperature also works. Make sure the entire tissue sample is immersed in fluid and 

moving to ensure proper mixing during the decellularization process.  

Drain deionized water from tissue and add 100 ml triton X-100 (0.1% v/v). Cover the 

beaker and allow to spin for 18 hours (Figure 2-2 C & D). Replace the triton solution 

with 100 ml of the sodium deoxycholate solution (2% w/v) and allow it to spin for another 

18 hours (Figure 2-2 E & F). Remove the sodium deoxycholate solution and add 100 ml 

of the Sodium chloride (1 M) and stir for 2 hours (Figure 2-2 G & H). Drain the sodium 

chloride solution and replace it with 100 ml the DNase solution (1 µg/ml porcine 

pancreatic DNase, 1.3 mM magnesium sulfate, and 2 mM calcium chloride) for another 2 

hours (Figure I & J).  Lastly, the tissue is rinsed with phosphate buffered saline (PBS) to 
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remove any residual detergents.  Aliquot the decellularized tissue into a freezer safe 

container and freeze the tissue overnight at -80˚C. Lyophilize the frozen matrix until the 

water has been removed.  

2.2.3: Tissue Digestion 

Using a mill or mortar, grind the dried ECM into a powder. Combine this powdered 

ECM at 10 mg/ml with digestion solution (pepsin 1 mg/ml in 0.01N hydrochloric acid). 

Allow solution to stir at room temperature for two days. Neutralize the pH of the solution 

using sodium hydroxide (0.1 N). Aliquot and freeze the digested ECM solution. 

Lyophilize the frozen ECM again and grind into a powder. Once the digested ECM is 

powdered and stored at -80˚C, it can be used for a variety of applications.  

2.2.4: Gel Incorporation 

2.2.4.1: Acellular Hydrogel Scaffolds 

Prepare hydrogel solution in PBS at 50˚C. See note 4. In preparing the gel 

solution it is generally easiest to first dissolve the LAP, then dissolve the GelMA while 

heating the solution to 50˚C in a water bath. Combine the powdered ECM with the 

hydrogel solution at 50 mg/ml. Vortex to dissolve. Add the ECM hydrogel solution to a 

tissue culture well-plate, size and volume determined by your application. Crosslink the 

solution by exposing it to 405nm light for 10 seconds. 

2.2.4.2: Cell Laden Hydrogel Scaffolds 

Prepare hydrogel solution in cell culture media with half the final volume and cool to 

37˚C. Combine the powdered ECM with the hydrogel solution at 50 mg/ml. Vortex to 

dissolve. Harvest cells using preferred lab method and create a cell suspension of half 

the final volume. See note 5. Concentration of cell suspension and final concentration of 
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cell seeding depends on cell type used and your application. Combine ECM hydrogel 

solution with cell suspension to reach final fluid volume. Add the cell laden hydrogel 

solution to a tissue culture well-plate, size and volume determined by your application. 

Crosslink the solution by exposing it to 405nm for 10 seconds. 

2.3: Acknowledgments 

We would like to thank Daniel Sorby for his help procuring animal tissue and 

processing. We would also like to thank the Hormel company (Austin, MN) for their 

generosity, donating porcine trachea for research.   
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2.4: Figures: 

 

Figure 2-1:Trachea dissection overview. 

A) Trachea rinsed with deionized water. B) Removal of exterior tissue. C). Cleaned 

trachea. D) Cutting along the dorsal side. E) Removing epithelial and muscle layers. F) 

Separated individual cartilage rings. G) Cartilage sections. F) Cartilage in deionized 

water.   
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Figure 2-2: Cartilage decellularization overview. 

A) Initial tissue in deionized water. B) tissue in deionized water after 1 hour. C) Tissue in 

Triton-X100 after first wash. D) Tissue in Triton-X100 after 18 hours. E) Tissue in sodium 

deoxycholate after second wash. F) Tissue in sodium deoxycholate after 18 hours. G) 

Tissue in sodium chloride after third wash. H) Tissue in sodium chloride after 2 hours. I) 

Tissue in DNase solution after fourth wash. J) Tissue in DNase solution after 2 hours.  
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Chapter 3 Photo-crosslinkable tracheal cartilage-derived extracellular 

matrix hydrogels 

3.1: Overview: 

 Studies of cartilage-derived biomaterials have primarily focused on articular 

cartilage.  However, the same techniques can be translated to tracheal cartilage to 

create photo-crosslinkable hydrogels. This work compared decellularized extracellular 

matrix (ECM) that was solubilized through pepsin digestion or through urea extraction in 

gelatin methacrylate (GelMA) hydrogels. These soluble fractions were chemically 

modified with glycidyl methacrylate to allow free radical-mediated crosslinking, producing 

extracellular matrix methacrylate. Either pepsin- or urea-ECM added to GelMA hydrogels 

demonstrated chondrogenic properties, however high concentrations of ECM in GelMA 

hydrogels decreased the mechanical properties. While the chemically modified ECM 

fractions significantly improved the hydrogel mechanics compared to the unmodified 

counterparts, bioactive properties were lost. 

3.2: Introduction: 

The trachea is a vital organ with limited regenerative potential. Critical length 

defects ranging between 30% of the total length in pediatric patients, to 50% of the total 

length in adults, require surgical reconstruction and transplanted tissue.33 While 

synthetic materials, like silicone, have become common for tracheal grafts, they cannot 

grow with pediatric patients, leading to multiple surgeries to replace the graft over the 

patient’s lifetime.  Pediatric patients need a biologically integratable tracheal tissue that 

can grow with them over the course of their development while sustaining function. This 

requires a complex tissue composed of dynamic materials, satisfying the mechanics of 

native trachea, along with its own progenitor niche for future growth.  
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3D bioprinting allows the rapid production of patient-specific, tissue engineered 

constructs. The continued growth and versatility of bioprinting depends on the 

development of novel printable hydrogels, called bio-inks, that provide mechanical 

support, cell adhesion sites, and promote the function of the printed tissue. Gelatin 

methacrylamide (GelMA) and collagen methacrylamide (ColMA) have emerged as 

common bio-inks because of their tunable mechanical and chemical properties.47–51 The 

addition of methacrylamide groups allows these biologically-derived hydrogels to 

covalently crosslink, significantly increasing their stiffness and stability compared to 

unmodified proteins. While they provide a printable matrix for cell attachment, they do 

not fully recapitulate the complexity of native extracellular matrix (ECM).52,53  

One of the primary functions of the trachea is mechanical, providing a robust 

patent airway, resisting pressure differences during respiration and compressive forces 

from trauma.54 This mechanical stability is provided by the tracheal cartilage, composed 

of chondrocytes and ECM. Tracheal cartilage ECM is primarily collagen II and aggrecan, 

similar to many cartilage tissues, but contains more matrilin-1 and epiphycan than 

articular cartilage.55 Prior work in the literature has shown that articular and elastic 

cartilage ECM promotes the differentiation of mesenchymal stromal cells (MSCs) to 

chondrocytes.56–61 At this time, the specific ECM proteins and signaling pathways that 

facilitate this differentiation are unknown. However, instructive proteoglycans that 

compose a small percent of the ECM have been implicated. 62,63 

There are several methods currently used to isolate tissue-specific ECM, across 

tissue types. The most common method has been enzymatic digestion, generally with 

pepsin.64–73 This digestion cleaves the ECM proteins, greatly increasing solubility but 

may compromise bioactivity. This method selects for larger structural proteins, such as 

collagens, which can be used to make ECM-based hydrogels through fibrillogenesis.73 
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Unfortunately, this method may not effectively extract the small proteins that may be 

important for tissue-specific differentiation.74 Alternatively, urea denaturation has been 

examined as a less destructive method to extract ECM components. Urea denaturation 

has been shown to be reversible for several proteins, indicating the ECM harvested with 

it may better retain its bioactivity once it is returned to homeostatic conditions.75 

However, urea denaturation cannot extract large structural proteins and the resulting 

ECM does not exhibit fibrillogenesis nor does it spontaneously form hydrogels like its 

digested counterpart.  

Several groups have looked at modifying the ECM of articular cartilage using 

methacrylate groups to create photo-crosslinkable hydrogels.46,76 While these two 

methods have been used separately to harvest different populations of ECM proteins, 

they have not yet been examined in tandem. We hypothesize that the modification of 

these ECM proteins will increase their compressive modulus while retaining their 

chondrogenic properties, and that the urea extracted ECM will exhibit a greater 

chondrogenic effect than the pepsin digested ECM.   

3.3: Materials & Methods: 

3.3.1: Decellularization and ECM Isolation 

Porcine tracheal cartilage was isolated and decellularized from whole donated 

trachea as previously published.41  Whole tracheae were splayed with an incision along 

the dorsal side, and the luminal tissue was removed. Individual rings were separated 

from each other and cut into approximately 5mm squares. These squares of tracheal 

cartilage were washed in 1x phosphate buffered saline. Cellular material was removed 

with a series of detergent, hypertonic, and enzymatic solutions: 0.1% triton x-100 (18 

hours), 2% sodium deoxycholate (18 hours), 1M sodium chloride (2 hours), and 10 ug/ml 
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DNase in 1.3mM magnesium sulfate and 2mM calcium chloride (2 hours).44 The 

decellularized tissue was then frozen, lyophilized, and milled using a Thomas Wiley mill 

(Thomas Wiley, Swedesboro, NJ). The success of decellularization was evaluated using 

a picogreen DNA content assay (Invitrogen, Waltham, MA).  

Pepsin-digested ECM (P-ECM) was prepared using 1:10 (wt/wt) ratio of porcine 

pepsin to decelled ECM in 0.1M hydrochloric acid for 48 hours. The digestion was then 

neutralized with 1M sodium hydroxide and centrifuged at 10,000g for 5 minutes. The 

soluble fraction was collected from the supernatant, frozen, and lyophilized.   

Urea-soluble ECM (U-ECM) was isolated by denaturing the decelled ECM at 100 

mg/ml in 3M urea for 72 hours at 8°C. The insoluble fraction was removed by 

centrifuging at 1,500g for 20 minutes. The supernatant was dialyzed for 48 hours to 

remove urea at 8°C, then frozen and lyophilized. An overview of this process is shown in 

Figure 3-1. 

3.3.2: Chemical Modification 

Modified from a method developed for articular cartilage, the ECM (either pepsin-

digested or urea-extracted) was dissolved in 1:3 acetone water solution along with 

triethylamine, tetrabutylammonium bromide, and glycidyl methacrylate.76 After reacting 

for 6 days, the resulting extracellular matrix methacrylamide (EMA) was precipitated in 

acetone and dialyzed for two days, then frozen and lyophilized. The methacrylate 

modification was confirmed using H NMR to detect the methacrylate-associated 

hydrogen atoms (5-6 ppm), dissolving the EMA in deuterium oxide at 5 mg/ml (Figure 3-

2). Pepsin-digested-EMA (P-EMA) and Urea-extracted-EMA (U-EMA) were estimated to 

be 14±9% and 5±2% modified respectively using the ratio between the methacrylate 

protons (5.33-6.18 ppm) and methyl protons (1.95 ppm) in the H NMR spectra (n = 4).77 
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Multiple synthesis batches were pooled, used, and analyzed to ensure adequate supply 

for experiments (5 batches of PEMA, and 3 batches of U-EMA).  

3.3.3: 3D Printing-Assisted Casting 

 3D bioprinting with low viscosity inks requires a support bath and parameter 

optimization (pressure, speed, etc.) for each bioink. To streamline the production of 

identical disks from many different bioinks, with varying viscosities, 3D printing-assisted 

casting was used, opposed to optimizing each individual ink to print using an alternative 

method like Freeform Reversible Embedding in Suspended Hydrogel (FRESH) 

printing.78 Dissolvable molds were 3D printed from 40% (wt/v) Pluronic F-127 using an 

Inkredible Bioprinter (CellInk, Boston, MA). GCode was generated by a custom Python 

program. Once printed, the molds were filled with the bioink and crosslinked using 

405nm light. The molds were removed with chilled PBS. Cell laden disks were cast using 

a shallow single walled mold. Tubes were cast between an inner and outer walled mold 

(Figure 3-3).   

3.3.4: Mechanical Testing 

 Uniaxial unconfined compression was performed using the MACH-1 mechanical 

testing system equipped with a 150g load cell (Biomomentum, Laval, QC, CA). After 

incubating in PBS for 24 hours, the hydrogel disks were compressed between parallel 

plates at 20% strain per minute. Compressive modulus was estimated using a linear fit 

between 10-20% compression. Statistics ANOVA and Tukey HSD were run using R.79 

3.3.5: Bioactivity  

Human bone marrow-derived mesenchymal stromal cells (MSCs) were 

generated by the University of Minnesota Molecular and Cellular Therapeutics facility 

(MCT) under GMP protocols through Production Assistance for Cellular Therapies 
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(PACT) using bone marrow from ALLCELLS (Alameda, California). Quality control 

analysis was performed on two 30mm wells of a 6-well plate. Cells were treated with 

colcemid for 3.5 hours, harvested, then analyzed. 20 metaphases were completely 

analyzed by G-banding at a 400-425 band level resolution. Cells were identified as 

MSCs by accepted criteria using flow cytometry (Table 3-1). They expressed a normal 

karyotype, with no numerical or structural chromosomal abnormalities.  MSCs were 

combined with bioink and cast into disk molds at 1x106 cells/ml and cultured for 4 weeks 

in chondrogenesis-permissive media. The permissive media was derived from a 

chondrogenesis protocol containing High glucose DMEM, L-Proline (40 ug/ml), 

Dexamethasone (100 nM), Ascorbic Acid (50 ug/ml), Sodium Pyruvate (100 ug/ml), L-

Glutamax (10%), ITS-premix (1:1000), PenStrep (100 ug/ml). 80 TGF-β3, that is 

commonly used to drive chondrogenesis, was removed to evaluate the effect of the ECM 

and EMA alone. 

3.3.6: Histology 

Frozen tissue sections, 7um thick, were evaluated using a combination of 

immunohistochemistry and standard stains. Trichrome staining and hematoxylin & eosin 

staining were used to compare the engineered cartilage to porcine tracheal cartilage. 

Safranin-O counter stain with fast green was used to visualize glycosaminoglycan (GAG) 

content. Chondrogenesis was evaluated by immunostaining for collagen II (ab3092 

Abcam Cambridge, UK.) as a maker of mature chondrocytes. Oil red O and alizarin red 

staining were used to identify adipogenesis and osteogenesis respectively. Relative 

ECM content was measured using ImageJ, splitting the image into red, green, and blue 

channels then thresholding the image to determine positive area. Significance between 

cellular and acellular hydrogels was determined using a T test for each pair. Porcine 

tracheal tissue, mouse abdominal adipose tissue and femur were obtained from 



 

26 
 

discarded carcasses from unrelated studies (i.e. no approvals required), and used as 

staining controls. 

3.4: Results: 

3.4.1: Compressive Mechanics 

Hydrogel blend compressive moduli were tested within 1 hour of casting and after 

incubating for 24 hours in PBS. At either time point, 1% wt/v additions of ECM and EMA 

did not significantly differ from GelMA (Figure 3-4A). However, at 5% wt/v P-ECM, U-

ECM, and P-EMA were significantly lower than GelMA initially after casting. After 24 

hours, only P-ECM remained significantly lower (Figure 3-4B). Compressive moduli of 

U-EMA samples were slightly lower than GelMA, but this difference was not statistically 

significant. Likewise, while compressive moduli with EMA conditions were higher than 

their unmodified counterparts, this improvement was not statistically significant. 

3.4.2: Histology 

 H&E staining showed round cell morphology similar to chondrocytes in all test 

conditions, however the cell density was much lower than in native tracheal cartilage 

(Figure 3-5, A-F). Trichrome staining indicated collagen rich regions, stained blue, in 

ECM and EMA conditions but not with the GelMA alone (Figure 3-5, G-L). These 

collagen regions were not directly associated with cells, and were not significantly 

different that acellular hydrogel conditions, suggesting they are from the ECM and EMA 

added to the hydrogel rather than produced by the embedded cells (Figure 3-6).  

Safranin-O stains proteoglycans a rich red color, prevalent in the native cartilage (Figure 

3-5, M-R). The counterstain, Fast Green, identifies fiber proteins. The only condition that 

contained large proteoglycan areas was the U-EMA condition. However the only 

condition with a significant difference between cellular and acellular hydrogels was the 
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U-ECM condition, with the acellular hydrogel exhibiting greater proteoglycan staining. 

This could be caused by proteoglycans washing out of the U-ECM hydrogel during 

media changes or cell driven degradation.   

 MSC chondrogenic differentiation was explored by staining for collagen II. 

Collagen II was only found associated with cells in the P-ECM and U-ECM conditions 

(Figure 3-7, white arrows). Alizarin red staining did not show any accumulation of 

calcium in any of the hydrogels, with no significant difference between the cellular and 

acellular hydrogels (i.e. no osteogenesis) (Figure 3-8). However, oil red O staining 

showed increased lipids in the cellular P-EMA condition which may indicate 

adipogenesis (Figures 3-9). These data suggest chondrogenesis in the ECM conditions, 

however the significance of these results should be validated using PCR to compare cell 

differentiation between groups. ECM accumulation could also be further examined using 

colorimetric assays.  

3.5: Discussion: 

 Incorporating solubilized cartilage-derived ECM appeared to better support 

chondrogenic differentiation in human MSCs. Unfortunately, this signal appears to 

become muted during chemical modification to create EMA, either because the addition 

of MA disrupted signaling moieties. These data suggest these moieties were indirectly 

degraded during the process, or moieties were lost during dialysis. In other studies, 

urea-extracted ECM appears to have a greater chondrogenic effect on MSCs than 

pepsin-digested ECM.74 In this work, we observed a similar effect with both ECM 

conditions at 1% wt/v. This discrepancy could be caused by differences in digestion, 

where at some point the ECM proteins become too denatured to function as signaling 

moieties. However, the specific ECM components needed to convey a chondrogenic 

signal are still unknown. They could be further probed in a top down approach by 
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optimizing solubilization techniques and measuring the protein size distribution with gel 

electrophoresis at various time points. Different protein size populations could be 

screened to determine if any range, or combination, is required to observe their 

chondrogenic effect. The active protein populations could be identified using mass 

spectroscopy.  

At the macroscale level, the addition of larger amounts of ECM disrupted the 

mechanics of GelMA-based hydrogels. This is most likely due to the ECM proteins 

physically interfering with the ability of GelMA molecules to come in contact with each 

other and crosslink. While this effect is mitigated with the addition of MA groups to the 

ECM, this comes at the cost of its chondrogenic signaling. It is of interest to further 

explore the effect of degree of methacrylation by comparing ECM with varying amounts 

of MA. Creating a hydrogel of only slightly modified ECM could potentially create a 

mechanically homogenous hydrogel matching or surpassing the properties of GelMA 

while maintaining tissue specificity. Further examination is also required to evaluate the 

effects of methacrylation on cell viability and the hydrogels’ ability to support long term 

culture. The degree of methacrylation may play an important role in controlling the rate 

of tissue degradation, where greater covalent crosslinking may help maintain tissue 

integrity while new ECM is produced by embedded cells.         

While cartilage engineering is a well-established research topic, it has generated few 

translated therapies. Since there is a limited supply of autologous chondrocytes, 

chondrocytes are generally differentiated from bone marrow-derived MSCs. A remaining 

challenge is maintaining the target chondrocyte phenotype after differentiation. 

Commonly, MSC-derived chondrocytes stimulated with TFG-β develop hypertrophy and 

produce endochondral bone-like tissue after several weeks in culture.81 Other works 

have shown that the presence of chondroitin sulfate and collagen-XI in the matrix can 
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down-regulate collagen X in MSC-derived chondrocytes in vitro, suggesting it may inhibit 

hypertrophy.82,83  This relationship between chondrocyte phenotype and matrix 

composition warrants further exploration into the long-term outcomes of ECM-mediated 

MSC differentiation. 
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3.7: Figures: 

 

Figure 3-1: Tracheal Cartilage ECM Processing overview 

Process overview (left to right). The porcine tracheal cartilage is isolated from 

surrounding tissue. The tissue is decellularized with deionized water, TritonX-100, 

sodium deoxycholate, sodium chloride, and DNAse solution then rinsed in PBS. The 

ECM proteins are then solubilized either with a pepsin digestion (top) or urea 

denaturation (bottom). These solubilized proteins are then modified with a methacrylate 

group and combined with cells to bio-fabricate tissue.  
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Figure 3-2: NMR spectra results. 

Unmodified urea-extracted (U-ECM, A/purple) and pepsin-digested extracellular matrix 

(P-ECM, C/red) show no peaks between 5.5 and 6.5 ppm (shaded region). Modified 

urea-extracted extracellular matrix (U-EMA, B/green) has one distinct peak in this region 

and modified pepsin-digested extracellular matrix (P-EMA, D/blue) shows two distinct 

peaks indicating the protons associated with the double bonded carbon (C=CH2) in the 

methacrylate group.    
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Figure 3-3: 3D Printing-assisted casting. 

First a sacrificial mold is printed (A). Next the mold is filled with low viscosity bioink and 

photo-crosslinked (B). The mold is removed with chilled PBS (C). The final hydrogel can 

be picked up and manipulated (D).  
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Figure 3-4: Hydrogel Compressive Mechanics 

Compressive modulus estimated from 10-20% compression at 20% strain per minute. A) 

Hydrogels tested within 1 hour of casting. B) Hydrogels tested after incubating for 24 

hours. Mean ± StDev Plotted, N = 3; Compared to control at each time point with Tukey 

HSD; * - P < 0.05, ** - P <0.01  
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Figure 3-5: Cell-laden hydrogel tissue histology 

H&E staining (A-F), Masson’s Trichrome staining (G-L), Safranin-O and Fast Green 

staining (M-R).Hydrogels made from GelMA alone (A,G,M), GelMA with P-ECM (B,H,N), 

GelMA with U-ECM (C, I, O), GelMA with P-EMA (D, J, P), GelMA with U-EMA (E, K, Q), 

and porcine trachea as a tissue control (F, L, R). Scale bars = 100 µm.  
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Figure 3-6: Acellular hydrogel histology 

Masson’s Trichrome staining (A-E), Safranin-O and Fast Green staining (F-J). Hydrogels 

made from GelMA alone (A & F), GelMA with P-ECM (B & G), GelMA with U-ECM (C & 

H), GelMA with P-EMA (D & I), and GelMA with U-EMA (E & J). Scale bars = 100 µm. 

Percent area of fibular collagen from trichrome staining shown in (L) mean ± StDev, n = 

3, no p<0.05. Percent area of proteoglycans from safranin-O staining shown in (M) mean 

± StDev, n = 3, *p< 0.5. 
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Figure 3-7: Chondrogenesis Immunofluorescent Staining 

Immunofluorescence staining for Collagen II (red), nuclei (blue). Hydrogels made from 

GelMA alone (A), GelMA with P-ECM (B), GelMA with U-ECM (C), GelMA with P-EMA 

(D), GelMA with U-EMA (E), and porcine trachea as a tissue control (F). Scale bars = 

100 µm.  
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Figure 3-8: Osteogenesis Screening 

Cell laden (A-E) and acellular (G-K) hydrogel staining with alizarin red for calicium 

deposition. Hydrogels made from GelMA alone (A & G), GelMA with P-ECM (B & H), 

GelMA with U-ECM (C & I), GelMA with P-EMA (D & J), GelMA with U-EMA (E, & K), 

porcine trachea as a negative tissue control (F), and mouse femur as a positive tissue 

control (L). The hydrogels exhibit nonspecific light orange staining like the native 

tracheal tissue, but do not show the dark red staining as seen in the bone control. 

Percent area of stained tissue is graphed in (M), mean ± StDev, n = 3, no p<0.05.  Scale 

bars = 100 µm. 
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Figure 3-9: Adipogenesis Screening 

Cell laden (A-E) and acellular (G-K) hydrogel staining with oil red O for lipid 

accumulation. Hydrogels made from GelMA alone (A & G), GelMA with P-ECM (B & H), 

GelMA with U-ECM (C & I), GelMA with P-EMA (D & J), GelMA with U-EMA (E, & K), 

porcine trachea as a negative tissue control (F), and mouse abdominal adipose as a 

positive tissue control (L). Percent area of stained tissue is graphed in (M), mean ± 

StDev, n = 3, *p<0.05.  Scale bars = 100 µm. 
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3.8: Tables: 

Surface 

Marker CD105 CD73 CD90 CD45 CD34 CD14 CD19 HLA-DR 

% 

positive 99 99 99 1 2 1 0 0 

Table 3-1: Human MSC Phenotyping. 
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Chapter 4 Extracellular Matrix Microparticles as a Stabilizing Additive for 

3D Bioprinting  

4.1: Overview: 

Current bioinks for 3D bioprinting, such as gelatin methacrylate, are generally low 

viscosity fluids at room temperature, requiring specialized systems to create complex 

geometries. Adding decellularized extracellular matrix microparticles derived from 

porcine tracheal cartilage to gelatin methacrylate creates a yield stress fluid, capable of 

self-supporting structures. This bioink blend performs similarly at 25°C to gelatin 

methacrylate alone at 15°C, in print fidelity and tensile mechanics This method lowers 

barriers to manufacturing complex tissue geometries and removes the need for cooling 

systems.  

4.2: Introduction: 

3D bioprinting has the potential for the rapid production of patient-specific, tissue 

engineered constructs. The continued growth and versatility of bioprinting depends on 

the development of novel printable hydrogels, called bioinks, that provide mechanical 

support, cell adhesion sites, and promote the function of the printed tissue.    

Gelatin methacrylamide (GelMA) is a commonly used bioink because of its 

tunable mechanical and chemical properties, relatively low cost, and ability to be 

remodeled by mammalian cells.47 GelMA relies on covalently crosslinking 

methacrylamide side groups, usually via a photoinitiator. These covalent bonds 

significantly increase its stiffness and stability compared to thermal gelation alone. Other 

proteins have been similarly modified to create photocrosslinkable hydrogels, such as 

collagen I to ColMA, or hyaluronic acid to HAMA.84,85 Unfortunately, most of these 

materials have a narrow window of use; at room temperature they are unable to support 
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themselves and fail to print complex structures without specialized methods. The field 

has managed this shortcoming by casting simple geometries, printing at low 

temperatures, or printing into a sacrificial support bath.86  While these methods widen 

the utility of these materials, they face many challenges in scaling the process to 

clinically relevant manufacturing.  Furthermore, these bioinks alone do not fully capture 

the complexity of native extracellular matrix (ECM), thus limiting their ability to 

recapitulate native microenvironments.  

Whole organ decellularization is the leading approach to capture both the 

organization and diversity of tissue structure.44 However, the technique is less effective 

for dense tissues and requires a donor tissue of a similar size to the target transplant or 

model. To overcome these limitations, decellularized ECM (dECM) can be processed 

into tissue-specific bioinks and 3D bioprinted into the required tissue matching the size 

and geometry required by the patient. This is significantly impactful for pediatric patients 

with a limited donor pool, for developing in vitro models to understand disease states, 

and to screen potential treatments. 

Most commonly, a soluble fraction of dECM is isolated using protein denaturation 

or enzymatic digestion, then added to a bioink solution to provide tissue specificity or 

binding sites.66,87 Other methods modify the dECM with cross-linking groups to 

incorporate them covalently with the bioink, improving the mechanics of the construct but 

potentially decreasing the bioactive benefits of the ECM.46,76 An optimal method that 

incorporates dECM reproducibly without negatively affecting the tissue mechanics or 

bioactivity would advance the bioprinting field. 

The rheology of complex fluids such as cell-laden bioinks, is dependent on the 

size distribution of the particles, the interactions between these particles and the solvent, 

the interactions between the particles themselves, and the mechanics of the particles.88 
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Generally, smaller particles and higher concentrations of particles lead to increased 

viscosity based on the collective surface area interacting with the bulk fluid.89 Previous 

studies have shown that high density cell suspensions exhibit properties of Bingham 

plastics and have been used as a bioprinting medium.90 Alternatively, this idea can be 

used to create a yield stress fluid bioink using high cell density or particle 

concentration.91 We hypothesized that the addition of decellularized cartilage tissue 

particles to GelMA bioinks would widen the temperature range of GelMA 3D extrusion 

bioprinting, improve print resolution, and improve cell viability.  

4.3: Results: 

4.3.1: Synthesis and Characterization of GelMA 

 During GelMA synthesis, methacrylate groups are added to the primary amines 

of lysine and hydroxylysine in the gelatin.92 Measuring the concentration of primary 

amines in GelMA compared to the unmodified gelatin provides an estimate of the degree 

of modification. The GelMA used in this study was determined to be 94 ± 1% modified 

(Figure 4-1A). The addition of methacrylate groups was confirmed with the emergence 

of two peaks between 5 and 6 ppm in the H-NMR spectra (Figure 4-1B). Using a 

temperature sweep, the gelation point of 5% wt/v GelMA was determined by modulus 

crossover to be 15.1 ± 0.1°C (Figure 4-1C). 

4.3.2: Decellularization and Particle Characterization 

To verify the decellularization of the dECM particles, the DNA content was 

measured using a fluorescence intensity assay. The dECM particles contained 1.2 ± 0.1 

nanogram of DNA per milligram of dry tissue, less than 2% percent of native tissue and 

well below the published decellularization threshold of 50 ng DNA per mg (Figure 4-
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2A).85 After cryomilling and filtering, the average particle radius was 29 ± 23 µm, and 

75% of all particles were below 50 µm (Figure 4-2 B & C).  

4.3.3: Dose Dependency of dECM particles on Rheology  

 To characterize the effect of adding dECM particles to GelMA, a range of 

concentrations were produced from 0 - 10% wt/v in a 5% wt/v GelMA solution. A parallel 

plate rheometer was used to characterize the fluid behavior at 25°C. A shear rate flow 

sweep demonstrated a concentration-dependent effect of the particles on the viscosity of 

the fluid. The 0% dECM 5% GelMA solution at 25°C was well above its gelation 

temperature of 15°C and thus behaved as a moderately shear thinning fluid with 

relatively low viscosity (Figure 4-3A). Addition of even 5% dECM significantly changed 

the behavior, increasing the low-shear viscosity and imparting a more pronounced shear 

thinning behavior. Increased amounts of particles yielded a predictably higher viscosity 

and maintained the shear-thinning property.  

 Oscillatory rheometry was used to characterize the shear stress response to 

ascending shear rate sweep (Figure 4-3B). As expected from the viscosity results, the 

generated shear stress increased with increasing particle concentrations. The results 

also indicated a possible change in yield stress at the start of flow, which was further 

investigated by stress-controlled oscillatory sweeps. Low amplitude oscillations 

demonstrated a dominant storage modulus (G’) consistent with the linear viscoelastic 

region prior to fluid yield. As the stress increased, the storage modulus decreased, and 

the loss modulus became dominant. Yield stress was estimated by fitting the data to a 

Herschel-Bulkley model (95% confidence intervals for the model parameters are listed in 

Table 4-1). This was used rather than estimating the yield stress from the modulus 

crossover point because some samples either exhibited solid or liquid behavior 
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throughout the stress range (Figure 4-4). The particle suspensions showed an 

increasing apparent yield stress in a concentration-dependent manner (Figure 4-3C). 

4.3.4: Print Resolution 

The resolution of pressure-driven extrusion 3D bioprinting relies on the interplay 

of many factors. Some factors are a complex result of the rheological properties and the 

cross-linking rate specific to the bioink formulation and crosslinking mechanism. Others 

are easily manipulated by changing the printer setup or machine code: tip diameter, 

printing speed, driving pressure, and stage height.93 This creates a multi-parameter 

space, where varying any of the factors will change the print resolution. Blends of 5% 

wt/v GelMA with 0% to 10% wt/v dECM particles were tested from 25 kPa to 200 kPa 

using constant print speed (5 mm/s), and stage height (0.1 mm) through 20Ga, 22Ga, 

and 23Ga x ½” cylindrical tips (Figure 4-3 D-F). At 25°C, 5% GelMA was above its 

gelation point and unstable as a bioink. At 10% wt/v dECM, the linear resolution at 25°C 

was significantly lower than with 5% GelMA alone printed at 15°C, at pressures below 

100kPa for 20Ga tip, 150kPa for 21Ga tip, and 200kPa for 22Ga tip (Table 4-2). The 

10% dECM, 25°C bioink also exhibited the highest resolution using the 23Ga tip with a 

line width of 250 ± 40 µm at 75kPa, compared to 5% dECM, 25°C with 470 ± 40 µm and 

GelMA alone at 15°C with 960 ± 30 µm. 

4.3.5: Print Fidelity and Reproducibility 

 Beyond linear resolution, the bioink must be able to reproduce a 3D model with 

minimal deformation. With unstable bioinks, as layers are added they can collapse and 

flow rather than discretely stacking, potentially losing key features of the intended 

geometry. The effects of the dECM were evaluated by comparing the fidelity and 

reproducibility of dECM laden constructs to GelMA alone using the same g-code for a 



 

45 
 

hollow tube 5 layers tall. Both reliably produced hollow cylindrical constructs (Figure 4-

5A-B). The width of the wall of the dECM laden wall was significantly thinner than the 

GelMA alone (Figure 2C), 540 ± 20 µm and 800 ± 10 µm respectively, leading to a 

significant difference in lumen area (Figure 4-5 D). Construct height and circularity 

exhibited minimal differences (Figure 4-5 E & F). The ring constructs were further 

compared using tensile testing (Figure 4-5 F). The stress at failure remained similar for 

the GelMA with or without ECM, but the strain at failure significantly decreased from 

74±2% to 51±1%. (Figure 4-5 G & H). 

 To further explore the dECM bioink, more complex geometries like the carina and 

larynx were printed. A pediatric scale carina model was designed and printed using 10% 

dECM, 5% GelMA, 1% LAP and compared with just 5% GelMA and 1% LAP (Figure 4-6 

A-F). While the dECM laden bioink was able to print easily at 25°C, the GelMA bioink by 

itself required a chilled syringe (15°C), chilled build plate (10°C), and continuous 

crosslinking. If the syringe warmed above 15°C, the GelMA bioink would become fully 

liquid and unprintable. Similarly, if the build plate were at room temperature the bioink 

would melt and pool before being able to crosslink. Further, if the construct were not 

continuously crosslinked, layers between the build plate and syringe would warm from 

contact with surrounding air and melt. Once these bioprinted constructs were completed, 

to measure their fidelity, a 3D surface was reconstructed from micro CT imaging and 

compared to the initial carina model (Figure 4-6 A-F). From visual inspection, the dECM 

better exhibits the model’s height and branch angle compared to the GelMA alone. The 

distances between the carina model and reconstructed surface were calculated and 

plotted as a heat map (Figure 4-6 G&H). The average distance for dECM bioink was 0.5 

± 0.4 mm, with 97% of the bioprinted construct was within 1.5 mm of the initial model. 
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While average distance for the GelMA alone was 0.5 ± 0.5 mm, with 93% of the 

construct within 1.5 mm of the initial model (Figure 4-6 I).  

The bioprinted larynx construct reached 21 mm in height, with a top flaring to 

12x17 mm over the 8x12 mm diameter base. To measure the fidelity of the bioprinted 

construct, a 3D surface was reconstructed from micro-CT imaging and compared to the 

initial larynx model. The distances between the larynx model and reconstructed surface 

were calculated and plotted as a heat map (Figure 4-7). The average distance was 0.9 ± 

0.4 mm. 95% of the bioprinted construct was within 1.5 mm of the initial model. 

4.3.6: Cell Compatibility  

One of the key properties of any bioink is the ability to sustain cell viability. To 

examine this, human mesenchymal stromal cells (hMSCs) were printed in GelMA with 

and without dECM particles and examined histologically after three weeks in culture 

(Figure 4-8). Hematoxylin and eosin (H&E) staining shows few intact cells in both 

conditions after three weeks (Figure 4-8 A&D). Masson’s trichrome staining indicates far 

greater areas of fibrillar proteins, primarily associated with the dECM particles (Figure 4-

8 B&E). Safranin-O staining indicates abundant proteoglycans in the dECM that are not 

in condition with GelMA alone (Figure 4-8 C&F). Overall, there is little indication the 

embedded cells modified the bioink hydrogel in either condition. 

To further assess cell viability in the bioinks, GFP+ prostate cancer cells were 

chosen for their robustness and availability. Their ATP content was quantified using a 

luciferase assay as a proxy for viability.  Cell laden GelMA and dECM bioinks were 

prepared and extruded at pressures between 0 and 200 kPa. Cells printed in GelMA 

alone showed significantly higher ATP levels than cells printed in GelMA with dECM 

particles, which were below the background signal of the assay (Figure 4-9A).  To test 

for potential cytotoxic solutes, GelMA with and without dECM was cast on half of a well 



 

47 
 

plate then cells were seeded on top. After 24 hours, there were no obvious differences 

between cells growing next to either bioink or on plastic alone (Figure 4-9 B-D). Cells 

seeded on both bioinks were also evaluated. While cells seeded on top of dECM 

containing hydrogels showed measurable ATP levels, they were still lower than their 

counterparts growing on GelMA alone (Figure 4-9 E).  This difference in ATP levels was 

not statistically significant, indicating similar levels of cell survival on both hydrogels.  

4.4: Discussion: 

In this study, we demonstrate the stabilizing effect of decellularized ECM 

particles on GelMA bioprinting. Bioprinting with GelMA alone is a manufacturing 

challenge because of its sensitivity to temperature perturbations. If the bioink warms 

above its gel point at any time before the print is completed and crosslinked, it will 

greatly deform. The entire printing chamber could be cooled below the gel point, but that 

becomes a logistical challenge for scaling up and maintenance costs. The GelMA print 

can be continuously crosslinked, but this excessive exposure to intense light puts stress 

on the embedded cells and will likely decrease post-print viability. Another option would 

be to only crosslink during layer changes. Depending on the design of the bioprinter, this 

adds significant time to the printing process; between each layer, the print head and light 

source need to exchange places twice. Extended printing time negatively impacts 

attachment-dependent cell types in suspension in the bioink and allows for the GelMA in 

the tip to warm to room temperature during layer changes, causing greater print 

variability.  Alternatively, we have shown that adding dECM particles to GelMA allows for 

reliable bioprinting at room temperature, removing these challenges from the 

manufacturing process. This is likely due to both increases in viscosity and development 

of significant yield stress, which resist fluid flow and structural deformation after the 
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bioink is printed. This yield stress, coupled with shear thinning behavior, indicates that 

the bioink may be best modeled as a Herschel-Bulkley type fluid.  

Contrary to what was expected low cell viability was seen in the dECM particle 

laden GelMA bioinks. There could be many potential causes for this low viability that can 

be further explored. The denser bioink could limit oxygen diffusion through the hydrogel, 

suffocating the cells inside. The particle laden bioink could be exerting increased stress 

on the cells during mixing and extrusion, which has shown decrease cell viability.94,95 

Further, the dECM particle could be swelling over time and exerting physical forces or 

osmotic pressure on the surrounding cells. Cells could also be negatively responding to 

partially degraded ECM fragments.96   

In future work, we expect that cells will benefit from the shear thinning nature of 

the bioink, as such fluids help to decrease the shear stress experienced by the cells 

during flow in the printing process. Further, the addition of ECM particles may allow for 

tissue specificity and greater influence over cell behavior which may be clearer with 

higher cell seeding density. Our understanding of the role of ECM as an instructive 

substrate is constantly expanding. Using minimally processed ECM may better retain its 

bioactivity, producing more reliable cellular constructs.     

4.5: Materials & Methods: 

4.5.1: GelMA Synthesis and Characterization 

GelMA was synthesized using a modified published protocol.92  All materials 

were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise specified. Porcine 

gelatin was dissolved at 10% w/v in reaction buffer [1.1 M sodium carbonate and 1.1M 

sodium bicarbonate in deionized water] at 50°C. 1% v/v Methacrylic anhydride was 

added dropwise and allowed to react while spinning for 3 hours at 50°C. GelMA was 
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precipitated in acetone, then dialyzed at 50°C for 4 days. The dialyzed GelMA was then 

aliquoted into 50 ml conical tubes, frozen, and lyophilized. The GelMA was stored at -

20°C until used.  

Degree of modification was measured using TNBS assay (ThermoFisher, 

Waltham, MA) and confirmed using H-NMR. GelMA was compared against gelatin at 

1mg/ml, and absorbance was measured at 335 nm using a Cytation3 plate reader 

(BioTek, Winooski, VT). For H-NMR, GelMA and gelatin samples were dissolved in 

deuterium oxide at 50 mg/ml and measured using Bruker Avance III HD nanobay AX-

400 (Bruker, Madison, WI). Data was analyzed using TopSpin software (Bruker, 

Madison, WI).  

4.5.2: Decellularization and Particle Characterization 

Porcine tracheae were isolated and decellularized as previously published.97 

Porcine tissues from male Yorkshire pigs discarded from unrelated cardiac studies were 

provided by the University of Minnesota Visible Heart Lab. Whole tracheae were splayed 

with an incision along the dorsal side, and the luminal tissue was removed. Individual 

cartilage rings were separated from each other and cut into approximately 5mm squares.  

The tissue was washed in 1x phosphate buffered saline (1xPBS). Cellular 

material was removed with a series of detergent, hypertonic, and enzymatic solutions: 

0.1% triton x-100 (18 hours), 2% sodium deoxycholate (18 hours), 1M sodium chloride 

(2 hours), and 10 ug/ml DNAse in 1.3mM magnesium sulfate and 2mM calcium chloride 

(4 hours). The decellularized ECM was then frozen, lyophilized, and milled using a Spex 

Freezer/Mill 6700 (Spex, Metuchen, NJ). The dECM particles were filtered using a 100-

um nylon mesh (LLL & Solutions LLC, Miami, FL). 

The success of decellularization was evaluated using the Quant-iT PicoGreen 

DNA assay (Invitrogen, Waltham, MA) sensitive to 50 pg (Figure 4-2). Particle size was 
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determined by imaging particles dusted in a 6 well plate using the EVOS 2 

(ThermoFisher, Waltham, MA). Particle size distributions were calculated using 

ImageJ.98  

4.5.3: Bioink Rheological Characterization  

The rheological properties of the dECM particles added to GelMA were 

measured using a TA Instruments DHR-3 with a lower peltier plate and an upper 40mm 

parallel plate attachment (TA Instruments New Castle, DE). Bulk rheological properties 

of GelMA-dECM mixtures were measured at 25°C and a gap of 1mm (>10X particle 

size). These mixtures were 5% wt/v GelMA with 0, 5, or 10% wt/v dECM particles.  

Samples were conditioned for 120s at the testing temperature (15 or 25°C), then 

subjected to an oscillatory strain sweep from 0.01-500% at a frequency of 1.0 Hz. This 

strain-controlled approach allowed for all samples to be tested with the same protocol 

while avoiding sample ejection at high shear rates. Next, samples were conditioned for 

120s at the testing temperature and subjected to an increasing shear rate sweep (range 

1x10^-2 to 1x10^2 1/s) to produce a flow curve. The oscillatory test characterized the 

viscoelastic behavior in terms of storage modulus (G’) and loss modulus (G’’). This 

allowed for the calculation of an apparent yield stress, observing the stress value at 

which the storage and loss moduli cross (tan(Δ) = 1). In cases where a yield stress could 

not be observed, it was inferred by fitting the flow curve data to the Herschel-Bulkley 

Model (Equation 4-1) using the TRIOS software package (TA 

Instruments,  #4.4.0.41651, New Castle, DE). 

τ =  τo + 𝑘𝛾̇𝑛  (Equation 4-1) 

In this model, τ is the shear stress and 𝛾̇ is the shear rate. The parameters τo, k, and n 

are the yield stress, consistency index, and flow index, respectively. Confidence intervals 
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for the model parameters for each ECM concentration are shown in the supplementary 

materials (Table 4-1). 

4.5.4: Print Resolution 

To screen the effects of the dECM additive, the 2D extrusion resolution of varying 

concentrations was tested using cylindrical needles (20,22, and 23 gauge, ½”) with 

constant print speed (5 mm/s), and height (0.1 mm) while the driving pressure was 

varied from 25 kPa to 200 kPa using a BioX bioprinter (Cellink Boston, MA). All bioinks 

were 5% wt/v GelMA and 1% wt/v lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) with 0% - 10% wt/v dECM. The subsequent fiber diameters were measured using 

images obtained with an EVOS 2 fluorescence imaging system (ThermoFisher,  

Waltham, MA).   

4.5.5: Print Fidelity and Reproducibility 

To compare the utility of dECM particles as an additive, 5% GelMA with 1% LAP 

printed at 15°C and 125kPa and 5% GelMA and 1% LAP with 10% dECM printed at 

25°C and 75kPa were printed using the same g-code with a 18 Ga tip at 5 mm/s.  

The g-code was a stack of 5 layers of rings with a 5 mm radius. The first layer height 

was set at 0.1 mm, and the four subsequent layers at 0.5 mm steps to 2.1 mm total 

height. After the prints were complete, the bottom layers were imaged using the EVOS 

2. The area of the center lumen and the wall were measured using ImageJ. Circularity 

was calculated for the outer edge of the ring, C = 4π Area/Perimeter2. From this 

measurement, the uniformity of the ring can be compared. A perfect circle has a value of 

1, and the greater the deviations from 1 the more defects are present in the printed 

construct. The height of these tubes was measured using the surface detection function 

of the MACH-1 (Biomomentum, Laval, QC, CA). Tensile testing was performed using the 
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MACH-1 and 5mm T tensile fixtures. Rings were loaded on the tensile testing posts then 

pulled at 0.5 mm/s until failure. Stress and strain were calculated using established 

methods.99,100 

To further explore dECM printability, a more complex geometry was tested. A 

pediatric scale carina was printed with 5% GelMA and 1% LAP with 10% dECM. The 

carina was modeled using Solidworks2020 (Solidworks Corp. Waltham, MA). The g-

code was generated using Simplify3D (Simplify3D Cincinnati, Ohio) and printed using a 

BioX bioprinter. The printed construct was imaged using a X-TEK XT H 225 micro CT 

scanner (METRIS, Leuven, Belgium). CT images were processed with CT Pro 3D 

(XTEK) and VGSTUDIO Max 3.2, creating DICOM files. The DICOM files were then 

segmented using 3D Slicer to create and export a 3D mesh.101 The resulting 3D mesh 

was compared to the original model using CloudCompare (www.cloudcompare.org).       

4.5.6: Cell Culture and Tri-lineage Differentiation 

Human bone derived mesenchymal stromal cells (hMSCs) were generated by 

the University of Minnesota Molecular and Cellular Therapeutics facility (MCT) under 

GMP protocols from Production Assistance for Cellular Therapies (PACT) using bone 

marrow from ALLCELLS (Alameda, California). HMSCs were maintained in minimum 

essential medium-alpha (Alpha-MEM) (ThermoFisher, Waltham, MA) with 10% fetal 

bovine serum (FBS) (R&D Systems, #S11150), 1% minimal essential medium non-

essential amino acids solution (MEM NEAA) (Invitrogen Life Technology, Waltham, MA), 

1% penicillin-streptomycin (Invitrogen Life Technology, #15070-063), 10 ug/mL 

transforming growth factor-beta 3 (TGF-beta) (R&D Systems, #8420-B3/CF), and 500 

ug/mL recombinant human epidermal growth factor (EGF) (R&D Systems, Minneapolis, 

http://www.cloudcompare.org/
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MN). hMSC quality and identity were confirmed using a Human Mesenchymal Stem Cell 

Functional Identification Kit from R&D Systems (Minneapolis, MN) (Figure 4-10).  

Human prostate cancer cells (cell line CWR-R1, kindly provided by Dr. Dan 

Vallera, UMN) were used for further viability experiments. These cells were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS and 1% penicillin-

streptomycin. 

4.5.7: Cell Compatibility  

 To evaluate cell compatibility hMSCs were printed in GelMA hydrogels with and 

without dECM particles. Harvested MSCs were suspended in 5% GelMA with 1% LAP in 

media at 1x106 cells/ml. The cell-laden solution was either cooled to 15°C and printed at 

125 kPa for the GelMA alone condition or combined with 10% dECM and printed at 25°C 

and 75 kPa for the dECM condition with an 18 Ga needle. These cell-laden hydrogels 

were cross linked using 405 nm light for 10s, then incubated for three weeks in 

chondrogenic media: Dulbecco’s Modified Eagle’s Medium (Invitrogen), 40 ug/ml L-

Proline, 100 nM dexamethasone, 50 ug/ml L ascorbic acid, 100 ug/ml sodium pyruvate 

(Invitrogen), 100 ug/ml Pen-Strep (Invitrogen), 1% Glutamax (Invitrogen), ITS+ premix 

(Corning, Corning, NY), and 10 ng/ml transforming growth factor-beta 3 (R&D Systems). 

After incubation, samples were fixed in 4% paraformaldehyde, paraffin-embedded, 

sectioned, and stained.  

Prostate cancer cells were similarly harvested and suspended in each bioink at 

7x106 cells/ml, brought to target temperature and printed with an 18 Ga needle. For 

surface seeding experiments, cells were seeded at 5x106 cells/cm2. To measure the 

ATP concentration, 300 mg of hydrogel were homogenized in PBS then combined with 

CellTiter-Glo Luminescent Cell Viability assay (Promega, Madison, WI).   
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4.5.8: Statistical Analysis 

Comparisons of means between two groups were performed by Student’s T-test, 

and comparisons between three or more groups were performed using one-way ANOVA 

and Tukey’s Honest Significant Difference test. Comparison of fitted Herschel-Bulkley 

model parameters was accomplished using confidence intervals corrected for multiple 

comparisons using the Bonferroni method. Where provided, error bars represent the 

standard deviation. All statistical tests were performed using JMP 15.1.0. Graphs were 

created using Prism, JMP 15.1.0 or Microsoft Excel.   
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4.7: Figures:  

 

Figure 4-1: GelMA characterization 

A) Primary amine concentration per milligram of gelatin or GelMA respectively, n = 3 

p<.001. B) H-NMR spectra of gelatin and GelMA. C) GelMA Temperature Sweep, n = 3 

Mean ± StDev deviation plotted. 
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Figure 4-2: dECM Particle Characterization 

A) PicoGreen Assay. Mean DNA content per mass of dry tissue, mean ± standard 

deviation plotted n = 3. B) 4x magnification image of decellularized, cryomilled, and 

filtered dECM particles, 500 um scalebar. C) Histogram of particle diameters normalized 

by total number of particles in each condition, mean +/- standard deviation plotted n = 3 

(left). Cumulative distribution function of particle population, mean ± standard deviation 

plotted n = 3 (right). 
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Figure 4-3: Oscillatory stress sweeps 

A) 0% ECM with 5% GelMA at 15*C, B) 5% ECM with 5% GelMA at 25*C, and C) 10% 

ECM with 5% GelMA at 25*C. 
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Figure 4-4: dECM dose dependent rheology 

10% GelMA with dECM ranging from 0%-20% wt/v: A) Shear rate flow sweep, n = 3. B) 

Mean thixotropic hysteresis loops. C) Apparent yield stress, n =3, [**p<.01] between 

groups. D-F) Plot of filament thickness versus pressure for each bioink through 20Ga, 

22Ga or 23Ga needles respectively, plotted as mean ± standard deviation n = 3, 

significance not shown for clarity values shown in Table 4-2.  
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Figure 4-5: Print fidelity and reproducibility of simple geometries 

A) Representative image of 5% wt/v GelMA ring printed at 15°C, scale bar 5mm. B) 

Representative image of 5% wt/v GelMA with 10% wt/v dECM ring printed at 25°C, scale 

bar 5mm. C) Graph of ring wall thickness (mm). D) Graph of lumen area (mm2). E) 

Graph of ring heights (mm). F) Graph of ring outer edge circularity (%).  G) Graph of 

tensile failure, individual runs plotted, 0% at 15°C n= 8, 20% at 25°C n = 6. H) Stress at 

failure for each construct. I) Strain at failure for each construct. [p<.05 *, p<.01 **, p<.001 

***] 
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Figure 4-6: Fidelity of self-supporting carina 

A&D) Carina model geometry, B&E) 3D reconstruction of dECM printed carina, C&F) 

reconstruction of GelMA printed carina, full surface scale bars 5mm. G) computed 

distance between dECM printed carina and model geometry, side (left) and top (right) 

view.H) computed distance between GelMA printed carina and model geometry, side 

(left) and top (right). I) Cumulative surface distances between bioprinted constructs and 

model geometry.  
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Figure 4-7: Fidelity of self-supporting, ECM bioink larynx 

A & B) Larynx digital model geometry, side and top view respectively. C & D) ECM 

Particle laden bioprinted larynx construct side and top view respectively, 5 mm scale bar. 

E & F) Surface map of distance between digital model geometry and bioprinted larynx, 

side and top view respectively. A histogram of the distances is shown on the right. 
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Figure 4-8: MSC-laden Histology 

20x images of cell laden prints using either 5% GelMA with 1%LAP (A-C), or 10% dECM 

with 5% GelMA, and 1% LAP (D-F), scale bars 200um. A&D) H&E staining, B&E) 

Masson’s Trichrome, C&F) Safranin-O counter stained with Fast Green. 
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Figure 4-9: Prostate Cancer Cell Viability 

A) ATP concentration in cell laden hydrogels printed at varying pressure, plotted as 

mean ± standard deviation n = 2. ATP was undetectable in 10% ECM 25°C, values 

shown as zero. B) ATP concentration in hydrogels with cells seeded on surface, mean ± 

standard deviation n = 2.  
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Figure 4-10: Chondrogenic pellet differentiation 

A) pellet stained for aggrecan and DAPI, B) secondary only control with DAPI, scale bar 

125µm. 
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Supplementary Table 1 

ECM 

Concentration τo k n 

0% 0.01 -0.01 0.01 0.01 1.04 0.88 

5% 9.98 -5.31 14.33 -5.18 0.48 0.30 

10% 5.40 -0.73 8.42 0.73 0.58 0.20 

15% 12.22 -3.07 33.61 14.10 0.44 0.26 

20% 28.11 -13.95 133.65 79.93 0.35 0.25 

Table 4-1: Herschel-Bulkley Model Parameters 

95% Confidence Intervals (Bonferroni corrected) for Parameters of Herschel-

Bulkley Model fit. 
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20 Ga 
 

10%dECM 25°C 0%dECM 15°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

50 0.0004 0.41 ± 0.07 1.20 ± 0.11 

75 0.0077 0.85 ± 0.12 1.21 ± 0.05 

100 0.0233 1.22 ± 0.04 1.54 ± 0.15 

125 0.0029 1.75 ± 0.11 1.32 ± 0.04 

150 0.0009 2.28 ± 0.06 1.69 ± 0.10 

175 0.0078 2.76 ± 0.07 1.84 ± 0.32 

200 0.4582 3.00 ± 0.15 2.80 ± 0.38 

 

20 Ga 
 

0%dECM 15°C 5%dECM 25°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

50 0.0021 1.20 ± 0.11 2.67 ± 0.34 

75 0.0057 1.21 ± 0.05 2.82 ± 0.52 

100 0.0060 1.54 ± 0.15 2.73 ± 0.36 

125 0.0001 1.32 ± 0.04 2.78 ± 0.17 

 

  



 

67 
 

 

22 Ga 
 

10%dECM 25°C 0%dECM 15°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

50 0.0040 0.47 ± 0.12 0.93 ± 0.06 

75 0.0087 0.64 ± 0.18 1.25 ± 0.13 

100 0.0047 0.58 ± 0.03 1.42 ± 0.25 

125 0.0012 0.98 ± 0.04 1.28 ± 0.04 

150 0.1631 1.39 ± 0.11 1.70 ± 0.30 

175 0.5372 1.66 ± 0.08 1.79 ± 0.34 

200 0.1225 1.73 ± 0.19 2.86 ± 0.99 

 

22 Ga  0%dECM 15°C 5%dECM 25°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

75 0.0015 1.25 ± 0.13 0.68 ± 0.01 

100 0.3328 1.42 ± 0.25 1.25 ± 0.03 

125 0.0346 1.28 ± 0.04 1.69 ± 0.22 

150 0.0196 1.70 ± 0.30 2.35 ± 0.03 
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23 Ga  10%dECM 25°C 0%dECM 15°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

75 0.0000 0.25 ± 0.04 0.95 ± 0.03 

100 0.0011 0.36 ± 0.02 1.18 ± 0.17 

125 0.0001 0.57 ± 0.05 1.17 ± 0.04 

150 0.0181 0.76 ± 0.05 1.39 ± 0.28 

175 0.0002 0.94 ± 0.04 1.33 ± 0.04 

200 0.1313 1.26 ± 0.03 1.65 ± 0.35 

 

    

23 Ga  0%dECM 15°C 5%dECM 25°C 

Pressure (kPa) P value Mean (mm) Mean (mm) 

75 0.0001 0.95 ± 0.03 0.47 ± 0.04 

100 0.0045 1.18 ± 0.17 0.6 ± 0.05 

125 0.0017 1.17 ± 0.04 0.95 ± 0.03 

150 0.6046 1.39 ± 0.28 1.3 ± 0.03 

175 0.0386 1.33 ± 0.04 1.46 ± 0.07 

200 0.6458 1.65 ± 0.35 1.75 ± 0.11 

Table 4-2: T-test comparisons of Linear Resolution 

T-test comparisons of Linear Resolution varying tip gauge and driving pressure, 10% 

dECM at 25°C vs GelMA alone at 15°C, GelMA alone at 15°C vs 5% dECM at 25°C.  
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Chapter 5 Biomechanical Characterization of Rabbit Tracheal Autografts: A 

Model for the Study of Neocartilage Growth  

5.1: Overview:   

The objective of this in vivo pilot study was to evaluate and compare full segment 

tracheal autografts to naive tracheal tissue in a rabbit model.  Two sets of three rabbit 

tracheae were examined: 1) naïve trachea control. 2) tracheae with medial full segment 

autografts. Full segments of the trachea were resected and reimplanted as autografts. 

After 4 weeks, the tracheae were evaluated using micro-CT, mechanical testing, and 

histology. Micro CT revealed minimal stenosis at the anastomosis sites of the autografts, 

with a maximum of 34±4% occlusion of the airway. Mechanical testing showed 

significant stiffening of the autografted trachea compared to control, 0.24±0.04 N/mm 

and 0.13±3=0.03 N/mm for 50% compression respectively. Histology showed new 

cartilage growth in the autografted tissue. We demonstrate a model for rabbit tracheal 

transplants and show the development of new tracheal cartilage after transient ischemia. 

These results indicate this is a promising model to further investigate the origin of new 

tracheal chondrocytes after injury and the mechanism for their recruitment and 

differentiation. 

5.2: Introduction: 

Long segment reconstruction of human trachea presents a technical challenge.17 

Since the trachea lacks any large blood vessels to anastomose and immediately 

integrate donor tissues into the host vascular system, transplanted tissue relies on 

indirect vascularization from the surrounding tissue.102 The few published successful 

human tracheal transplants have used a two-phase heterotopic approach to first pre-

vascularize the graft tissue in a highly vascularized location, like the omentum or 
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forearm, then move the implant to its orthotopic position in a second surgery.103–106   

Fortunately, improvements in microvascular surgery further mitigate this issue. In 

January 2021, surgeons at Mt Sinai performed the first successful human tracheal 

transplant. However, even with this accomplishment complete understanding of how the 

donor tissue integrates with the host, affects regeneration, and impacts long-term 

outcomes has not been achieved.  

 Rabbits are commonly used as animal models for tracheal transplant studies.6 

With their smaller size, surgical anastomosis for vascularization is unnecessary for graft 

survival.107,108 Previous studies have focused on evaluating the tracheal epithelium, 

which, despite initially suffering from ischemic damage, generally recovers two weeks 

after surgery.109  However, in humans and larger animals, one of the risks after 

transplantation is the degradation of cartilage and its replacement with scar tissue.17 

These degraded tracheal sections weaken and collapse, inhibiting normal respiration. 

Based on this trend, we hypothesized the autografted tracheal tissue will weaken post-

transplant compared to a naïve control.  

5.3: Materials and Methods: 

5.3.1: Autograft Surgery Procedure 

 All rabbit studies were done under supervision of the Institutional Animal Care 

and Use Committee (IACUC Protocol 1903-36911A). New Zealand white rabbits were 

randomized as either autograft recipients (rAG) or as naive controls (rNC).  Anesthesia 

was induced using ketamine hydrochloride (10-40 mg/kg) and xylazine (3-5 mg/kg) via 

intramuscular injection and maintained using isoflurane and propofol inhalation 

throughout the surgery. The trachea was accessed through a vertical cervical incision; 

then a segment of the trachea was resected and completely removed it from the 
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surrounding tissue. The resected segment was reimplanted as an autograft with the cut 

ends anastomosed (Figure 5-1). To maximize vasculature around the transplanted 

tissue, the omentum was accessed through a second incision in the abdomen, 

mobilized, tunneled substernally, and wrapped around the grafted trachea. The animals 

were then observed for up to four weeks, at which point the tracheae were excised for 

analysis.    

5.3.2: Micro CT Imaging 

 Excised tracheae were suspended with a 3D printed frame and scanned using a 

X-TEK XT H 225 micro-CT scanner (METRIS, Leuven, Belgium) (Figure 5-2). The 

scans were processed with CT Pro 3D (XTEK) and VGSTUDIO Max 3.2, exporting 

transverse section DICOM files. The transverse images were analyzed using the cross 

sectional area tool in 3D Slicer to measure the area of the airway in each slice.101 The 

resulting data were down sampled by averaging every 10, 0.04 µm thick, sections. 

5.3.3: Mechanical Testing 

 Tracheae were separated into approximately 1 cm segments and analyzed using 

a tube flattening test. The flattening test was performed using the parallel plate 

apparatus on the MACH-1 mechanical testing system equipped with a 10kg load cell 

(Biomomentum, Laval, QC, CA). The tracheal segments were compressed at a constant 

rate of 0.042 mm/s, similar to other studies.110 The resistive force was normalized by 

segment length and by cartilage ring number.   

5.3.4:  Histology 

Tracheal segments were frozen in OCT for histological evaluation.  7 um sections 

were cut and stained using hematoxylin and eosin, Masson’s trichome, and safranin-O 

counterstained with fast green (Sigma Aldrich, St. Louis, MO). 
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5.4: Results: 

Of the 3 autograft rabbits, one died prematurely due to perforated stomach 

caused by a pyloric stenosis. Rabbit sex, weight, and survival are shown in Table 5-1. 

5.4.1: Micro-CT 

 Micro-CT imaging showed minimal difference between the average airway area 

for the naïve (24± 2 mm2) and autografted tracheae (23±5 mm2) throughout the entire 

trachea (Figure 5-3). However, there was notable stenosis at the anastomoses of the 

autografts resulting in a maximum of 34±4% occlusion of the airway. This occlusion 

would be a grade I, using the Cotton-Meyer scale.111  

5.4.2: Mechanics 

 According to the literature on rabbit tracheal mechanics, normally the force 

required to flatten the trachea decreases along the descending trachea.110 This was 

seen in the naïve native trachea segments where the superior and medial segments are 

similar while the inferior segments exhibit less resistance to compression. However, in 

the autografted trachea, the medial section containing the graft required significantly 

greater flattening force than the superior segment per length, 0.24±0.04 N/mm and 

0.13±3=0.03 N/mm for 50% compression respectively (Figure 5-4). This difference could 

be due to overlapped cartilage, increasing the stiffness (Figure 5-5). To account for this, 

the compression data were also normalized by the number of rings in each segment 

(Figure 5-6). These relationships persisted for the autograft trachea even after 

normalizing by the number of tracheal rings in each segment, with 0.28±0.07 N/ring for 

the autografts and 0.12±0.03 N/ring for the control at 50% compression. 
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5.4.3: Histology 

 Examining the tissue histologically after H&E staining revealed the emergence of 

dense cell regions between the tracheal cartilage rings in the autograft (Figure 5-7A). 

While this was not seen in the surrounding trachea (Figure 5-7B), it was present in the 

center of the graft (Figure 5-7C) and near the anastomoses (Figure 5-7D).  To further 

identify this tissue, Masson’s trichrome staining showed a loosely packed, unaligned 

network of collagens (Figure 5-8B) while in the naïve tissue this region was densely 

packed and aligned (Figure 5-8A). Safranin-O staining also showed an abundance of 

proteoglycans in this region, resembling nascent cartilage (Figure 5-8D). This 

neocartilage increased the cross-sectional area of cartilage in the sectioned graft by 

19±1%. In the naïve trachea, proteoglycans were more discreetly contained in the 

cartilage rings (Figure 5-8C).  

5.5: Discussion: 

This study characterized the altered biomechanical properties of tracheal 

autografts. The rabbit autografts resulted in minimal stenosis, with two out of three 

animals surviving the entire 4-week time course. The cause of death for the animal that 

did not survive the time course, was a perforated stomach caused by severe pyloric 

stenosis, which is not uncommon in rabbits. Initially this study was intended to evaluate 

MSC-laden, 3D bioprinted constructs in vivo to create bioengineered, cartilage tissue; 

i.e. first implanting the tissue into the omentum and allowing it to mature, then 

transplanting it into the trachea with the mobilized omentum to maintain blood flow. 

However, the implanted constructs were remodeled in the host rabbit and were not 

suitable for the second transplant procedure. Instead, the autograft tissue initially 

planned as a control was compared to naïve trachea. Interestingly, the autografted 

tracheae stiffened significantly compared to naïve counterparts. While this stiffening 
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could have been the result of suturing multiple cartilage rings together, this trend 

persisted even after normalizing by ring number. Histology suggested new cartilage 

growth in the transplanted tissues, with the emergence of nascent cartilage growth 

between mature cartilage rings. This new growth was most likely due to the hypoxic 

conditions in the ischemic tissue that triggered resident stem cells to differentiate.112,113  

Resident stem cells have been implicated in the development of new cartilage 

growth in aortic allografts used as trachea replacements in sheep.114–117 In the 

mentioned studies, new cartilage growth was observed within two months and 

remodeled into tracheal tissue with discrete cartilage rings 6-36 months after 

implantation.115 Stented, decellularized aortic allografts for tracheal transplants have 

been tested in humans and demonstrated new cartilage growth; however the cell origin 

and signaling mechanism behind this phenomenon has not been fully described.118 In 

this pilot study, new cartilage growth was seen in less than 4 weeks, indicating this 

model may be an efficient method to further probe the signaling mechanism of new 

cartilage growth and the development of discrete tracheal rings.  
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5.7: Figures 

 

Figure 5-1: Rabbit Tracheal Resection and Reimplantation 

Tracheal segment resection (A&B) and reimplantation (C&D). A) Excising trachea 

around intubation tube (arrow). B) Resected trachea segment (star). C) Reimplanting 

trachea, inferior anastomosis (arrow). D) Reimplanted autograft (star), and omentum 

(arrow) before being sutured over autograft. 
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Figure 5-2: Micro CT imaging of excised tracheae 

Micro CT imaging of excised tracheae. A) Trachea suspended on 3D printed frame. B) 

Micro CT image of trachea. White arrows indicated anastomosis on tracheal graft. 
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Figure 5-3: Airway Cross sectional area 

A) Naïve trachea with an average area of 24± 2 mm2 and B) autografted tracheae with 

an average area of 23±5 mm2. 
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Figure 5-4: Trachea flattening force 

Trachea flattening force of naive trachea (A) and tracheal autografts (B). Mean ± StDev, 

n = 3. 
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Figure 5-5: 3D Reconstruction of cartilage rings 

3D Reconstruction of cartilage rings. A) Trachea superior to the graft. B) The graft region 

(autograft marked with dotted lines). C) Trachea inferior to the graft.  
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Figure 5-6: Trachea flattening normalized by ring number 

Trachea flattening normalized by ring number. Naive trachea (rNT) on the left (A, C, E). 

Autografted trachea (rAG) on the right (B, D, F).  
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Figure 5-7: H & E staining of tracheal autograft 

A) Stitched image of the graft and surrounding tissue, anastomoses marked with dotted 

lines and higher magnification images marked with white boxes. Scale bar 1000 µm. B) 

Space between cartilage rings in the trachea next to the graft. C & D) New cartilage 

growth (**) between mature rings (*) in the grafted trachea. Scale bar 500 µm.  
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Figure 5-8: Cartilage Growth Histology 

Masson’s Trichrome (A&B) and safranin-O counter stained with fast green (C & D). 

Naive trachea (A & C) and autografted tracheae (B&D). New cartilage growth (**) 

between mature rings (*) in the grafted trachea, neocartilage increased cartilage area by 

19±1%. Scale bar 200 µm.  
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5.8: Tables 

 

Rabbit Sex Weight (kg) Survival (days) 

Autograft (rAG 1) Female 3.6 28 

Autograft (rAG 2) Male 4.2 3 

Autograft (rAG 3) Male 3.7 28 

Control (rNC 1) Male 3.4 28 

Control (rNC 2) Male 3.5 28 

Control (rNC 3) Male 3.4 28 

Table 5-1: Summary of experimental rabbits including sex, weight and survival 
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Chapter 6 Hollow Organ Bioreactor  

To better observe the maturation of 3D printed trachea, a hollow organ bioreactor 

was developed. This bioreactor rotates around its long axis for luminal cell seeding and 

providing a transient air-fluid interface, translates along its long axis to provide tensile 

stretching, and can perfuse media or air through the lumen of the tissue for tunable 

sheer stress.  While other bioreactors have accomplished these actions individually, this 

bioreactor allows the versatile manipulation of all three at once.119–121 This design could 

be further modified to examine tissue properties overtime in response to a variety of 

stimuli or be used to study ex vivo tissues. 

The bioreactor components were all 3D printed using a Form2 Printer 

(FormLabs, Somerville, MA) and FormLabs autoclavable and biocompatible surgical 

guide resin. The assembly of these components is shown in Figure 6-1. This allows for 

the rapid production and alteration of the components to fit tubular tissues between 5-

15mm inner diameter, 6-16mm outer diameter, and 10-28mm long. Tissue loading is 

shown in Figure 6-2. Two luer lock access ports in the base chamber allow for media 

exchange and monitoring. If connected to a peristaltic pump, media can be drawn from 

the bottom of the outer chamber with the bottom port and perfused through the top port 

into the inner lumen of the tissue in a closed loop. If the top port is connected to a 

respirator pushing and pulling air through the tissue, the bottom port can be easily 

plugged.  Two stepper motors are mounted to the lid base and individually controlled 

with Arduino boards; these power the rotating and translating heads in the bioreactor. 

The printed circuit boards (PCB) were manufactured by JLCPCB.COM (Shenzhen, 

China) and the board design shown in Figure 6-3. Components used were Arduino 

Nano, ULN2003APG 7-Channel Transistor Array, and a 5 pin JST connector.   

https://www.google.com/search?rlz=1C1VDKB_enUS984US984&q=Somerville,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LWz9U3MDRMNisrNFTiAHFK4s0NtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1glg_NzU4vKMnNyUnUUfBOLixOTM0qLU0tKinewMgIAtPi8xGQAAAA&sa=X&ved=2ahUKEwiVzc373eH1AhX3FjQIHZiDDhcQmxMoAXoECCcQAw
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The rotating head turns the tissue in alternating directions, this provides full 

rotation while decreasing risk of gears jamming. If the chamber media is filled to partially 

expose the tissue, this rotation also introduces a transient air-fluid interface, as seen in 

other tracheal bioreactors.122 An air-fluid interface could also be introduced by 

completely submerging the tissue and flowing air through lumen, more accurately 

recapitulating the native airway. One future experiment of interest is seeding the lumen 

of a bioprinted airway with human bronchial epithelial cells and exposing them to both 

types of air-fluid interfaces to characterize differences in cell polarity and the integrity of 

the epithelial barrier.  

The translating head moves the tissue with a rack and pinion gear system. While 

incorporating a force transducer could provide information on tissue maturation by 

monitoring changes, this strain-controlled system was used for simplicity and to minimize 

unit cost. The current design allows for a linear resolution of approximately 0.05 

mm/step, calculated by Equation 6-1 where r is the radius of the pinion and n is the 

number of steps for the stepper motor to make a full rotation.  

2𝜋𝑟𝑝𝑖𝑛𝑖𝑜𝑛

𝑛𝑠𝑡𝑒𝑝𝑝𝑒𝑟 𝑚𝑜𝑡𝑜𝑟
= 𝑥 𝑚𝑚/𝑠𝑡𝑒𝑝 Equation 6-1 

Literature has shown that low strain cyclical loading can strengthen collagen-based 

constructs.123–125 This could be used to strengthen mechanically subpar constructs into 

robust tissues for transplantation or further study. While I was not able to fully utilize this 

bioreactor during my thesis work, it will be used in future work in the lab examining 

tracheae and bronchi. This bioreactor could also be used to study  
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Figures: 

 

Figure 6-1: 3D Printed Bioreactor Assembly 

A & B) Rotating head assembly. C & D) Installing rotating head to lid base. E & F) 

Translating head assembly. G & H) Installing translating head to lid base. I & J) Installing 

tissue holder. 
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Figure 6-2: Bioreactor Tissue Loading 

A) Wrapped autoclaved bioreactor. B) opened bioreactor. C) Tissue loaded onto tissue 

holder. D) Motors installed on top of lid base. E & F) Lid cap installed over motors. G) 

Assembled bioreactor. H) One way flow loop with syringe connected to side ports.  
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Figure 6-3: Arduino Motor Controller 

A) Printed Circuit Board (PCB) Top. B) PCB Bottom. C) PCB with soldered components.  
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Chapter 7 Conclusions and Future Directions 

7.1: Photo-crosslinkable tracheal cartilage-derived extracellular matrix hydrogels 

While the full relationship between the ECM and cell behavior is not fully 

understood, we can continue to develop new methods of incorporating its benefits in 

tissue-engineered constructs.  This work has shown tracheal cartilage ECM has 

chondrogenic effects similar to articular cartilage, although the long-term effects and 

tissue stability remain undetermined. While chemically modifying this ECM allows it to 

better integrate into GelMA-based hydrogels, it decreases its ability to support 

differentiation of MSCs. The next step for this works lies in identifying the key ECM 

components responsible for the chondrogenic effect. Using mass spectroscopy with 

liquid chromatography to compare the composition of pepsin-digested and urea-

extracted ECM may show what components they share. The effects of those shared 

components on MSCs can be examined both in 2D and 3D culture, similar to published 

studies on stem cell differentiation.126–129 To screen for interactions more efficiently, 

hydrogel gradients of these components could be generated and seeded with cells. A 

complex gradient could be created by 3D bioprinting multiple bioinks through a 

microfluidic print head while changing their relative driving pressures to create a 

continuous, compositional gradient. A microfluidic bioprinter capable of these kinds of 

experiments is commercially available from Aspect Biosystems (Vancover, CA). The 

gradient tissue could then be analyzed using a 2D PCR approach, where the tissue is 

divided into a grid and each sample is run indiviually.130   

7.2: Extracellular Matrix Microparticles as a Stabilizing Additive for 3D Bioprinting  

 This work shows the utility of ECM-derived particles as a bioink additive from a 

rheological and print parameter perspective. These particles significantly improve the 
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printability of GelMA bioinks at room temperature without requiring support or 

suspension gels for printing complex structures. This lowers the barriers to bioprinting 

complex tissue models and circumvents many manufacturing challenges. However, the 

largest question remaining in this work is why do cells embedded in the particle-laden 

bioinks have such low viability? There are several potential causes that could be 

explored. The ECM particles could be a physical barrier, decreasing the diffusion of 

oxygen and nutrients to the embedded cells. The cells could experience increased 

stresses during the mixing process. There could be physical forces or osmotic pressures 

exerted on the cells by the swelling particles. Or the cells could be negatively responding 

to degraded ECM components.96  To screen for all of these potential causes, the next 

set of experiments should screen for markers of apoptosis and necrosis, such as lactate 

dehydrogenase (LDH) released when the cell’s membrane is compromised, or 

histologically looking at nuclear morphology.131  

Continuing this work, the biological effects of these particles should be examined 

beyond cell viability. Evaluating the ECM particles’ ability to influence cells and mature 

into viable tissues will be key to developing more reliable tissue grafts and accurate 

disease models. Further, it will be of interest to examine the effects of ECM particles 

derived from other tissues, examining if these rheological aspects are unique to cartilage 

ECM or widely applicable. While the cartilage ECM contains large amounts of 

proteoglycans and glycosaminoglycans, other tissues that are primarily collagen, such 

as muscle, may not behave in the same manner.   

7.3: Biomechanical Characterization of Rabbit Tracheal Autografts: A Model for the 

Study of Neocartilage Growth  

While this pilot study demonstrates the stiffening biomechanics of rabbit tracheal 

transplants, it also raises questions about new cartilage growth in the trachea. Similar 
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cartilage growth has been observed in sheep and human tracheal grafts. However, the 

source of this new cartilage tissue has not been confirmed. It has been speculated that 

pulmonary fibroblasts undergo chondrogenesis and become the neocartilage.112 

However, a type of migratory chondrogenic progenitor cell found in other hyaline 

cartilage could be responsible.132,133 Because this rabbit model of neocartilage growth 

develops relatively quickly and would generally cost less than human or sheep studies, it 

could be an idea model to further explore the source of these nascent chondrocytes and 

the mechanism for their recruitment and differentiation. Answering these questions will 

not only help develop better tracheal grafts but may offer new approaches to treating 

other cartilage-related maladies.  

Further, this model could be used to evaluate the ability of acellular grafts to 

recruit host cells and form neocartilage. Using a multiheaded 3D bioprinter, an acellular 

ECM based graft could be printed with a biodegradable, polycaprolactone (PCL) support 

either as an internal stent or as a deformable mesh through the graft walls. 

Decellularized, tissue engineered vascular grafts would also be of interest to test, such 

as those produced by Laura Niklason or Bob Tranquillo.134,135  
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