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Abstract 
 

Tissue engineering has advanced rapidly over the past decade in an effort 

to address unmet medical needs in burn and chronic wound treatment. 

Each year, over 1 million patients seek medical attention for burn injuries in 

North America. Moreover, chronic wounds in the elderly and those with 

diabetes comprise the largest single segment of wound care. Without 

question current treatments are costly and challenging for healthcare 

professionals. When autografts are not possible, skin substitutes are often 

employed as alternative coverage. Although these strategies have 

dramatically improved healing in patients, they are limited by the time they 

take to fully integrate with surrounding tissue. Our idea to bridge the gap is 

to create a patient-ready skin substitute. Moving toward a skin substitute 

that is readily available for the patient, I developed an in-situ gelling 

scaffold that permits integration with surrounding tissue. Furthermore, it 

was my goal to create a system that resists cell mediated contracture and 

digestion, and provide an ideal environment for tissue repair.  

 

My hypothesis was that the fabrication of a composite matrix of collagen 

and a blended-polymer hydrogel would result in a material that could be 

lyophilized, reconstituted and gel rapidly in-situ. The objectives of this work 

are fourfold: (1) develop, characterize, optimize and evaluate the 

functionality of a reconstitutable in situ forming scaffold in vitro; (2) 

evaluate the efficacy of the scaffold to perform within an acute wound; (3) 

evaluate methods to tailor the scaffold to be used as a cell delivery vehicle; 

and (4) develop a prototype model product that could translated to the 

clinic. Satisfying the objectives of this work have demonstrated that with a 

biocompatible concentration of hydrogel collagen fibrillogenesis activation 

energy can be lowered, and the mechanical and physical properties of the 
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resulting scaffold are enhanced. The resulting scaffold can be further 

lyophilized and reconstituted to form composite skin and other matrices 

both in vitro and in vivo. Assuming that regulatory requirements are met, 

the scaffold has the potential to improve the quality of life of patients with 

devastating chronic wounds and burns, and advance further knowledge in 

the field of tissue engineering. 
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Liaison Office. Distribution of the work is as follows: 
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and Ghahary A. A novel hydrogel-collagen composite improves functionality of 
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1 Introduction 

1.1 Wound healing 
Healing, or rather tissue repair and regeneration, requires the orchestration of a 

spectacular array of physiological processes. The general process of wound 

healing involves at least three major overlapping phases: the lag phase 

(homeostasis, inflammation, and cytokine release), proliferative phase (fibroblast 

number increases, matrix deposited, epithelial cell migration, vascularization) and 

the remodeling phase (cell number decreases, collagen fiber organization and 

remodeling) (1). Myofibroblasts, a contractile fibroblast-like cell expressing alpha-

smooth muscle actin (ASA), appear at the wound site, deposit collagen and 

facilitate contracture of the newly formed matrix in order to proximate wound 

margins (2, 3).  The initial phase of wound re-epithelialization involves activation 

of basal and suprabasal keratinocytes located at the wound edge, causing them 

to migrate beneath the dried out portion of edges in order to reform the epidermis 

(4, 5). The final stages of wound healing are the epithelialization and remodeling 

phases in which the granulation tissue is replaced with new-dermis, which is then 

matured and remodeled. The latter of these phases is crucial to control in regard 

to scarring.  

 

When an injury is too large for the wound edges to be approximated, granulation 

and fibrous tissue formation comprises the wound bed until cells of papillary 

dermal (and mid dermal) appendages (hair follicles and sweat glands) migrate 

and rapidly proliferate to form a new epidermal layer. In the chronic wound this 

process is often hindered resulting in a hyperplastic epidermal tongue along the 

wound margin (pseudoepitheliomatous hyperplasia) (6). Thus, surviving a large 

surface area injury to the skin depends heavily on the efficiency of an epidermal 

lining to be restored over the wound site (7). Keratinocytes are not only the main 

cellular component of the epidermis, but are also one of the major sources of 

cytokines and growth factors in healing process (8).  
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To encourage survival of cells that have either migrated from the wound margins 

or transplanted on the wound bed, a matrix or scaffold is required. In chronic 

wounds, oxidative stress, sheer stress and proteolytic enzymes can inhibit or 

retard the matrix deposition process (9). In an acute complicated injury, such as 

a burn, normal matrix deposition and epidermal repair are retarded, therein 

leading to contracture and scarring (10). Conversely in the case of a burn, there 

is an initial influx of matrix producing cells that exhibit prolonged matrix 

deposition, with reduced matrix remodeling together resulting in scar formation 

(10, 11). In diabetes, complicated etiology often leads to retarded matrix 

deposition, glycosylation of proteins, poor circulation and excessive inflammation 

that ultimately leads to a chronic wound (12, 13). Finally, in the elderly patient 

cellular senescence often leads to both impaired migration and matrix deposition, 

therein delaying wound closure of what otherwise would have been an acute 

wound (14-16).  

 

Collagen (type I and III) are the two major matrix proteins found in the wound 

healing process, whereby collagen III is often replaced in part by collagen I over 

the natural course of late stage wound healing. Nonetheless, the right scaffolding 

(extracellular matrix (ECM)) is opportune to drastically accelerate wound healing, 

reducing scarring, and when combined with cell transplantation, can offer a 

means to deliver cells to the tissue as means of replacement. Initially a fibrin clot 

offers a temporary matrix in which fibroblasts can migrate within and remodel 

while depositing collagen. The greater the volume of tissue required to be 

regenerated through the wound healing process, the greater the length of time to 

heal, the greater the amount of matrix deposited, and thus, the greater likelihood 

of scarring and/or incomplete wound closure. Communication between dermal 

cells and epidermal cells is essential for homeostasis following wound healing, 

and the faster a matrix can be deposited within a wound, the sooner the epithelial 

tongue can migrate across (10, 17). 
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Figure 1.1. The stages of wound healing.  

Cartoon schematic depicting the four stages of wound healing (top) commencing 

with hemostasis, cessation of bleeding, and transiting through an inflammatory 

phase (neutrophils initially followed by macrophages and T-cells) ending with 

remodeling of matrix proteins once the wound is closed. Core constituents of 

normal wound healing are cellular cross-talk between cells of the epidermis and 

dermis, the extent of the inflammatory response and the extracellular 

deposition/turnover of matrix.  

 

1.2 Wound care background 
The wound care market transcends age, nationality and demographic, and is one 

of the most costly segments in healthcare. Valued at roughly $16 billion the 

worldwide market is expansive and innovative, despite the fact that complicated 

wound healing can lead to prolonged and recurring hospital stays, even 

amputations (15, 18-21). Major diseases such as obesity and diabetes, together 

with an aging population, are among the many driving forces behind the 

prevalence of complications in wound care. Normally acute wounds, typically with 
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little intervention, progress through the normal stages of wound healing. On the 

other hand, complicated wounds such as chronic wounds (ulcers) and burns may 

have retarded healing at the cellular level or be colonized with bioburden, and in 

either regard remain open. The longer a wound remains open the greater the 

chance of infection and scarring. For many patients who suffer from burns and 

chronic wounds such as diabetic ulcers, the use of autologous grafting is not an 

option due to either lack of skin or the high risk of generating another non-healing 

wound. Advanced wound care has for these reasons placed a tremendous 

amount of interest in developing biological wound coverage. One strategy for 

tissue repair and regeneration is the use of biomimetic scaffolds that foster the 

growth and development of a tissue toward restoring normal architecture. Many 

currently marketed scaffolds and dressings are solid, sheet-like materials. One 

major problem with solid (sheet) scaffolds is their inability to conform to wounds 

of varying shapes and sizes. Where injectable materials may be useful, current 

commercially available materials are weak in comparison to surrounding tissue. 

Nonetheless, with or without cells, injectable in situ gelling extracellular matrices 

are opportune to improve cell transplant and other surgical procedures if some of 

the major caveats can be resolved.  

 

1.3 Advances in wound care 
Numerous strategies have been employed to address chronic and complicated 

wounds. Pioneering approaches utilized cadaveric skin and semi-synthetic 

biomaterials such as Biobrane™ (a collagen-nylon based dressing). Cadaveric 

tissue offers biological wound coverage and a source of growth factors and 

nutrients, but the major pitfall is that the tissue is allogeneic and the cells are in 

some cases, already dead. Technological advancement has led to the creation of 

cultured epithelial auto and allografts, and then to engineered skin substitutes 

such as Apligraf® and Dermagraft®, both of which are a skin substitute 

containing cells. Supply chain logistics for these products is laborious and costly, 

perhaps leading to the fewer number of products containing cells when 

compared to acellular scaffolds and injectable matrix. Advanced wound care has 
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witnessed a large insurgence of biological, acellular scaffolds over the past 10 

years, resulting in wound care’s most rapidly growing segment (15, 18, 20). 

Ideally, the best tissue repair therapy is an off-the-shelf, patient ready, and 

completely integrative, composite tissue replacement. Moving toward the ideal 

therapy companies have developed products such as Stratagraft®, Apligraf®, 

Integra®, Dermagraft®, Oasis® and Lifecell®, all of which are variations of 

modern scaffold technology and have taken the approach of using sheet like 

materials (solid pre-formed constructs) (15, 18, 20). These sheet-based materials 

are indeed patient ready; however, they require time to integrate with 

surrounding tissue, where gaps may form and fill with biological fluids between 

the uniform scaffold surface and the uneven wound bed. Naturally gaps will 

impair cellular infiltration and neovascularization. On the other hand, Integra 

Lifesciences has commercialized a powdered version of their product, Integra® 

Flowable, which results in an opaque matrix that will form a gelled-slurry at room 

temperature (15, 18, 20). Albeit that the gelled-slurry is lacking the mechanical 

and architectural attributes of the sheet scaffolds, it can easily conform to the 

uneven and irregularity of the chronic wound. Finally, the third niche product 

group within advanced wound care, in addition to skin substitutes and injectable 

matrices, are growth factors. Despite the number of trials for products that target 

wound closure and scarring, the only successful growth factor therapy today is 

Regranex® (platelet derived growth factor (PDGF)), which is thought to stimulate 

granulation tissue formation and the recruitment and proliferation of cells in 

chronic wounds (22) (18).  

 

1.4 Skin substitutes and polymer scaffolds 
Numerous novel scaffolds that have been created at the research level have yet 

to make it to clinic. Tremendous efforts have been made to create nanofibrous 

scaffolds that exhibit superior uniformity, mechanical and physical characteristics 

over conventional methods. A large majority of these scaffolds utilize polymers 

such as gelatin, polyethylene glycol—block-epsilon-caprolactone), poly(lactic-co-

glycolic acid) (PLGA), polylactic acid (PLA), polycaprolactone (PCL) and 
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variations of the same, as they are easily electrospun (23-34). Conventional 

methods of scaffold preparation typically have comprised various crosslinking 

methods to improve the mechanical properties of biopolymers collagen, 

hyaluronic acid, chondroitin sulfate and chitosan (15, 25, 33, 35-37). These 

scaffolds can therein be further modified with growth factors and gradients of 

polymer to permit the fabrication of a more bio-equivalent engineered tissue. The 

downside of many of these scaffolds is that they typically lack the heterogeneity 

of a complex tissue. De-cellularized matrix has become a popular option to 

preserve the appendages and architecture, yet still requires a lengthy preparation 

time from processing to cellular infiltration (38, 39). Where the lack of complex 

tissue architecture can be sacrificed for reduced fabrication time, scaffold 

integration with the surrounding tissue, and immediate cell infiltration (or 

integration via mixing) hydrogels stand to offer a promising solution (39-42).  

 

1.5 Hydrogel-based scaffolds 
Apart from bone, the majority of soft tissue comprises of a mix of collagens 

(predominantly type I), hyaluronic acid and sulfated-proteoglycans (i.e dermatan 

sulfate) that form amorphous hydrogel-like scaffolds. Hyaluronic acid is the 

largest and only non-sulfated glycosaminoglycan in the body. As with most 

biopolymers, collagen and hyaluronic acid both contain cell receptor motifs 

(structures) that can engage cell signaling pathways (43-48). Apart from the 

signaling motifs the hydrogel itself, structures that are formed provide a 

mechanical stimulus for cells (45). Soft hydrogel-like material is found in tissues 

such as the spinal cord, whereas harder (tougher) hydrogel-like material is found 

in the skin (49-51). In principle, a hydrogel is a network of partially insoluble 

polymers that retain fluid. The mechanics of the tissue scaffold are dependent on 

the composition of the biopolymer. For example, elastin is a hydrophobic protein 

that is a major constituent of skin providing elasticity, while collagen typically 

provides rigidity. Interestingly very few engineered scaffolds contain elastin, and 

those that do often combine it with another biopolymer (52). The formation of the 

neo-scaffold in the wound healing setting begins with a temporary, soft, nutrient 
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rich matrix (fibrin and type III collagen, also regarded as a blood-clot) that is over 

time degraded, replaced and remodeled into skin (12, 53). The initial matrix fills 

all the uneven pockets of the wound, stops bleeding and bridges the uninjured 

tissue so that stromal cells can begin the process of repair. Similarly, a tissue-

engineered hydrogel permits the incorporation of cells (via mixing) and the ability 

for a structure to be created within a wound bed. This is particularly 

advantageous for the chronic wound. However, the caveat of most hydrogels is 

first and foremost strength and secondly application. For example, collagen and 

hyaluronan dermal fillers can easily and adequately fill spaces within a tissue, but 

are not able to form a contiguous solidified structure. The mechanical properties 

of a matrix material can have profound effects on cell physiology, which under a 

stress response could exacerbate scarring and inflammation (45). Ideally a 

hydrogel that could undergo solidification in situ would be ideal for several clinical 

modalities (54, 55). As described herein, a number of such scaffolds do exist; 

however in many cases encumber the unknown risks of using synthetic materials 

or, in the case of biopolymers, are not inert. It is for these reasons that we turned 

our attention to a simplified approach using collagen and polyvinyl alcohol. The 

hydrogel attributes of both polymers underscored their versatility in fabrication of 

scaffold, but more so that as a surfactant polyvinyl alcohol may possibly enhance 

the properties of collagen.   

 

1.6 Collagen  
Collagen is the most abundant protein in the human body. By weight, it 

comprises roughly 25% of all the protein in the body. Although it may play an 

obvious and essential structural need, its unique physical properties have 

demonstrated that it is constantly in a dynamic state as its melting temperature is 

37ºC. Collagen is a highly conserved protein. There are at least 28 isoforms, 

fibrillar and non-fibrillar, with the most common being Type I (56). Collagen 

production involves first the synthesis of pro-collagen into a right-handed triple 

helix structure that is later cleaved into its structural form outside of the cell (57). 

Figure 1.2 describes the collagen synthesis pathway, where it is first translated 
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into three left-handed helical polypeptide chains (two alpha-1 and one alpha-2). 

Together, the polypeptide trimer forms a right-handed triple helix. Collagen has a 

distinctly unique amino acid sequence of Gly-X-Y, where X is most often proline 

and Y is any other amino acid, but most often hydroxyproline (unique to 

collagen). The glycine and hydroxyproline content of collagen are thought to 

stabilize the triple helix structure. The thermal stability of collagen is thus driven 

by the amino acid sequence, wherein particular the glycine and hydroxyproline 

content heavily determine the thermal properties of collagen (58-60). The rise of 

the right handed atypical, triple helix, is 2.9Å per amino acid (versus 1.5Å for a 

typical α-helix)(57). Each turn corresponds to approximately 3.3 amino acids, and 

the span between glycine residues is nearly 1nm (57). Stability of a collagen 

triple helix is largely the result of the hydroxyproline and proline hydrogen 

bonding via water molecules (58, 59). In diseases such as Osteogenesis 

Imperfecta and other collage-like peptides, substitution of alanine for the glycine 

results in higher melting points and reduced fibrillogenesis in vivo (58).  
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Figure 1.2. Collagen structure and synthesis1.  

(A) Cartoon ball and stick representation of primary alpha helix collagen 

sequence and structure. Typical sequence patterns for collagen are follow a Gly-

Xaa-Yaa repeat, whereat Xaa is Proline and Yaa is Hydroxyproline, but may 

represent other amino acids. (B) Collagen synthesis begins at the endoplasmic 

reticulum, whereat collagen mRNA is translated. The protein of type 1 (fibrillar) 

collagen is formed through the favourable formation of a right-handed triple helix 

containing two alpha-one peptides and an alpha-two peptide. The trimer, tertiary 

structure, is then glycosylated and hydroxylated (prolyl hydroxylase and lysl 
                                            
1 Adapted from Grisham, Biochemistry57. Grisham RHGaCM. Biochemistry. 3rd ed. CA, USA: Thomson 

Learning Inc.; 2005. 169-71 p. 
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hydroxylase) which requires the conversion of alpha ketoglutarate into succinate 

together with the co-factor ascorbic acid. The resultant tropocollagen is then 

released from the cell whereat the propeptide is cleaved. Cleaved collagen triple 

helix is roughly 300nm in length and 1.5nm in diameter. Gaps of approximately 

40nm form between fibrous collagen helices, whereby sugars and glycoproteins 

collect and participate in collagen assembly (57).  The helices are then, as a 

result of hydrogen bonding and solvation effects, assembled into fibrils where 

lysyl oxidase presence can easily convert lysines to reactive aldehyde-reactive-

lysine, which through aldol condensation form crosslinks between and among 

triple helices. The pattern then forms fibers containing notable “D” domains that 

show shadow effect or banding of collagen superstructure and span roughly 

70nm in distance (56, 57). The final fiber size of collagen is, on average on the 

order of 2-20µm in size (61).  

 

 

Gelation of collagen has classically been measured through the turbidity of a 

soluble collagen gel solution. As fibrils form the solution becomes less 

translucent absorbing light at 313nm, eventually forming a gel (59, 60, 62, 63). 

The gelation curve in Figure 1.3 represents the gelation of collagen, through the 

formation of fibrils, as indicated by a change in solution turbidity and the impact 

of proteoglycans and glycosaminoglycans (GAG) on the gelation (fibrillation) 

kinetics. The time at ½ maximum absorbance (t1/2max) represents the gelation 

time, and the time from the start of gelation through to gelation represents the lag 

time (tlag). Unless amino acid substitution occurs, collagen typically follows a 

curve with a delta max of 1 to 1.5 AU at 37ºC. A typical scaffold should undergo 

gelation within 1 to 2h at concentrations of 2-3mg/ml without the addition of 

glycosaminoglycan, crosslinker or other additive, such as a surfactant. 

Conversely additives may reduce the rate at which gelation occurs, or even 

prevent it altogether. In his 2009 doctoral thesis, Li, Y. investigated the role of 

surfactants on the kinetics of collagen fibril formation (64). Therein he described 

that the surfactant sodium dodecyl sulfate (SDS) is able to reduce the gelation 
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time significantly. Moreover the surfactant markedly reduced the activation 

energy required for gelation. Unfortunately many surfactants, including SDS, are 

not suitable for human use. As with any protein, stability is often affected by 

changes in pH and temperature. Surfactants as biochemical agents are known to 

improve solubility and denature or alter the structure of proteins. Unique to 

collagen is that its denaturation leads, in some conditions, to a more stable-

fibrous structure.  

 

 

 
 

Figure 1.3. Turbidity measurement for collagen fibrillogenesis with differing 
dermatan sulfate treatments described by Panitich et al. in US patent 
number: US20110020298.  

Gel solutions (50ul) of 4mg/ml collagen and additive were maintained at 4ºC until 

turbidity measurements were obtained at 37ºC. The figure demonstrates that the 

rate of collagen fibrillogenesis is enhanced by the proteoglycan dermatan sulfate 

(DS) when compared to collagen alone (Col) and collagen in the presence of 

decorin (a glycosaminoglycan, mucoadhesive protein) (63).  
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1.7 Polyvinyl alcohol (PVA) 
Polyvinyl alcohol is a well-characterized, versatile polymer and surfactant.  

Depending upon the degree of acetate hydrolysis, polyvinyl alcohol is miscible 

with a wide range of solvents (65, 66). It is amphipathic, making it available to 

associate with hydrophobic and hydrophilic interfaces (67). The simple repeating 

carbon backbone and hydroxyl side groups permit a helical structure in water that 

is also known to function of a mild, non-ionic surfactant (68, 69). PVA is derived 

from vinyl acetate, following free radical polymerization of the vinyl functional 

group and hydrolysis of the acetate group. The degree of hydrolysis represents 

the extent to which the polymer chains are hydrolyzed from acetate. The more 

hydrolyzed derivatives are in fact slightly less soluble than the partially 

hydrolyzed structures. PVA is an approved excipient in pharmaceutical 

formulations, and often used for encapsulation. When combined with borate ions 

it readily forms a hydrogel, serving as a tackifying agent when the pH is at or 

above neutral pH by thickening a solution (67, 70, 71). As a biomimetic of 

hyaluronic acid, it can when crosslinked into a gel, serve similar hydrating and 

hydrogel functions without any known receptor/ligand interactions that can have 

adverse effects. As a non-sugar, homopolymer it is possibly less opportune to 

elicit immune reactions through the innate immune responses (i.e. complement) 

despite being known to bind with C5 found in plasma at statistically lower levels 

when compared with agarose and Zymosan A (72, 73). 
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Figure 1.4. Structure and interactions of polyvinyl alcohol (PVA)2.  

(A) Structure and functional relationship of PVA with borate molecules (typically 

tetraborate decahydrate) at pH >7. (B) 3D hydrogel lattice representation of 

orthogonal crosslinking borate to PVA chains. Purple dots and blue chains 

represent borate and PVA respectively. (C) PDB image of a collagen triple helix, 

showing ball and stick structure and solvent surface (orange) (PDB1KBV). 

Proposed stabilization of the triple helix through PVA hydrogel interaction of non-

solvated/solvated surfaces (blue) Hydroxyl functional group interaction with 

aqueous solvent is represented by red (hydrogen) and white (oxygen) balls.  

 

  

                                            
2 PDB1KBV RSCB Protein Data Bank ID reference for structure of triple helix found in panel “C” with modifications. 
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1.8 Hypothesis and objectives 

Regardless of the source and site of trauma sequential biological 

mechanisms of repair, aim to prevent further damage and restore 

structure. Tissue structure, as a microenvironment, is integral for cell 

survival and normal physiology. As a result of numerous disease and 

trauma conditions such as burns, chronic wounds and transplantation 

there is in adequate structure within which cells can repair the tissue to its 

un-injured state. Hydrogels are a semi-solid structure that can easily 

integrate with the interface of a wounded tissue. Collagen, as a core 

physiological building block, is opportune for structural tissue repair, but in 

its native form lacks the physical properties required to rapidly form a 

tissue engineered a scaffold in-situ. Although there are ways to circumvent 

this issue by extensively genetically or chemically modifying collagen, most 

of these solutions are not feasible for clinical translation. My primary aim 

was to find a simple and commercially feasible alternative to conventional 

approaches. 

 

My general hypothesis is that a composite matrix comprising collagen and 

a semi-crosslinked PVA hydrogel would result in a material that could be 

easily stored and used to form an engineered skin within a wound bed, 

ultimately improving healing outcome and alleviating logistical challenges 

associated with currently available materials. The individual core objectives 

of this work are fourfold:  
 

Objective 1 Develop and evaluate the chemistry, mechanics and 

functionality of a reconstitutable in situ forming scaffold in vitro; 
 

Objective 2 Evaluate the efficacy of the scaffold to perform in vivo within a 

wound environment; 
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Objective 3 Evaluate methods to tailor the in situ forming scaffold to be 

used as a cell delivery vehicle to tissue engineering matrix that may satisfy 

other unmet research and medical needs; 

 

Objective 4 Develop a prototype model product that could be ultimately 

translated to the clinic. 

 
Figure 1.5. Cartoon representation of an in-situ forming skin substitute 
system either applied alone or in combination with pre-made skin 
substitutes in the solid form. 
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2 A novel hydrogel-collagen composite improves functionality of an 
injectable extracellular matrix 

2.1 Introduction 
The extracellular matrix (ECM) is a major determinant of cell survival, and 

ultimately organ function. Delivery and transplantation of cells is quickly 

becoming recognized as a feasible clinical strategy for the repair and 

regeneration of organs, in part because it offers a less invasive approach. 

Whereas the success of skin cell and pancreatic islet transplantation are quickly 

improving, clinical methods in muscle and nerve cell transplantation stand to 

benefit from the advent of tailored delivery systems that mimic ECM when formed 

in situ (54, 74, 75). 

 

Improved vehicles for cell delivery and encapsulation have stemmed from 

principles in tissue engineering and drug delivery (54, 74, 76). Tissue 

engineering strategies often employ collagen and glycosaminoglycan (GAG) 

matrices as scaffolds to mimic tissue architecture. Simple crosslinking methods 

using either glutaraldehyde or 1-Ethyl-3-3-dimethylaminopropyl carbodiimide:N-

hydroxy-succinimide (EDC:NHS) have been exhaustively investigated as ways to 

improve mechanical properties and stability (74, 77-80). These strategies are in 

most cases utilized to fabricate solid (dry) scaffolds, however, solid scaffolds 

have limited application in cell transplantation.  Even as wound coverage, pre-

formed solid scaffolds are unable to immediately integrate with the surrounding 

tissue. In this regard, a liquid matrix that would integrate with the surrounding 

tissue upon application would be advantageous. Furthermore, as a liquid, cells 

could be embedded prior to casting. This is particularly important for injectable 

cell transplants such as pancreatic islets (54, 81, 82). Unfortunately, the use of 

unmodified natural biomaterials has had limited success in producing useful 

injectable gels (74, 83). Encapsulation of cells within injectable synthetic mixtures 

of either pluronic acid, poly(ethylene glycol)-poly(caprolactone)-poly(ethylene 

glycol) (PEG-PCL-PEG), polylactic acid (PLA), and poly(lactic-co-glycolic acid) 

(PLGA) provide non-toxic, rapid gelling systems that can be modified to improve 
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stability, but often lack natural architecture when gelled in situ (74, 76). More 

recently Fitzpatrick et al. (2010) demonstrated the functionality of poly(N-

isopropylacrylamide) (PNIPAAm)-collagen thermoreversible scaffolds for the 

delivery of retinal pigment epithelial (RPE) cells (84). However, as with other 

synthetic polymers, degradation of this material may expose the tissue to 

potentially cytotoxic products (74). In general, a major drawback with many new 

synthetic polymer systems is the length of time that is required to demonstrate 

safety and translate them to the clinic.  

 

The development of an injectable ECM, using clinically approved polymers, 

which could mimic biological structures would be advantageous for a number of 

medical procedures including dermal reconstruction (as a filler), islet 

transplantation and as a skin graft for wound coverage. Polyvinyl alcohol is a 

well-known, clinically approved, synthetic analogue of hyaluronic acid (82, 85-

87). It is an amphiphilic polymer that can be crosslinked to form a hydrogel in the 

presence of sodium borates at a pH ≥ 7 and mechanically resembles soft tissues 

(86, 88-90). Generally, crosslinked PVA gels are isotropic and maintain a uniform 

shape that has shown to be useful for tissue engineering (91). In this regard, we 

hypothesized that the incorporation of PVA hydrogels within the collagen matrix 

would induce a faster fiber formation by aiding in both hydrogen bond formation, 

space-filling and nucleation of collagen fibrils within a restricted environment.  

Although it remains to be fully understood, PVA (at neutral pH) provides an 

unsuitable substrate for cell adhesion (90, 92). We also expected that the lack of 

cell adhesion would also restrict cell proliferation and contraction. In this study, 

we describe the preparation of an injectable collagen scaffold containing PVA-

networks and evaluate its efficacy for use in tissue engineering and as an ECM 

for the application of skin cells.    
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2.2 Materials and methods 

2.2.1 Collagen-glycosaminoglycan scaffolds 
Three types of collagen-chondroitin sulfate scaffolds were prepared as reported 

by Surronen et al. with modifications (79). Briefly summarized in Table 2.1, rat tail 

collagen type I (BD, Canada) was neutralized with HEPES buffer and 1N NaOH 

to pH 7.0 and combined with chondroitin-6-sulfate (1:5 w/w). Crosslinked gels 

were prepared by crosslinking for 2 hours in the dark with 0.02%w/v 

glutaraldehyde. A 2 hour glycine wash was performed to deactivate remaining 

aldehyde groups. PVA composites were prepared by adding a mixture of 5%w/w 

PVA (Alfa Aesar, Ma, USA) in 10X DMEM (GIBCO, Ontario, Canada) pH 7.5 

(2.5%w/w PVA 86, 2.5% PVA 99, 1% glycerol (Alfa Aesar, Ma, USA)) to 0.0625M 

sodium tetraborodecahydrate (Sigma, Ontario, Canada) pH 8.0 (final 

concentration 0.05%w/w sodium tetraborodecahydrate, 0.2%w/v PVA). PVA 

mixtures were combined with glycine-washed crosslinked scaffolds and allowed 

to settle overnight at 4ºC prior to use. Sodium ascorbate (ascorbate) (in filtered 

water pH 7.0) was added to each scaffold to a final concentration of 100µM.  

Crosslinked scaffolds not containing PVA were prepared by adding sodium 

borate and ascorbate to the scaffold mixture following the glycine wash. 

Ascorbate was added to the non-crosslinked scaffolds during initial preparation. 

All scaffolds were prepared at the same time to a final collagen concentration of 

3mg/ml. Prepared liquid composites were stored at 4ºC and used within 1 week. 
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Table 2.1 Scaffold formulation 

 

 

2.2.2 Cell populated scaffolds 
Primary keratinocytes and fibroblasts were isolated from human neonatal 

foreskin that were obtained from consenting donors in accordance with the 

ethical guidelines set forth by the University of British Columbia. Briefly, 

keratinocytes were isolated from the epidermis following enzymatic digestion 

using 1x Trypsin:EDTA (Gibco, Ontario, Canada) and Dispase (Gibco, Ontario, 

Canada). Fibroblasts were isolated from sections of dermis cultured in 1x DMEM 

(10% FBS and 1% Penicillin, Streptomycin and Amphotericin B) (Gibco, Ontario, 

Canada). Fibroblast populated scaffolds were established at a density of 200,000 

- 250,000 cells/ml with the exception of the proliferation assay which used 

100,000 cells/ml. Cell numbers were counted using a hemocytometer and 

combined with the liquid matrix in a suspension equivalent to 10% of the final gel 

volume producing a collagen gel of 3mg/ml. Other cell numbers were as follows: 

Primary keratinocytes 106/ml, Baby Hamster Kidney cells (BHK) 5 x 105/ml, 

 Col xCol xCol HG 
Collagen 
 3 mg/ml 3 mg/ml 3 mg/ml 

Chondroitin-Sulfate 
(in 1x PBS) 
 

15 mg/ml 15 mg/ml 15 mg/ml 

Glutaraldehyde / 
Glycine 
 

No Yes Yes 

PVA (pH 7.0) 
 No No 0.2%w/v 

Sodium Borate 
decahydrate (pH 8) 
 

0 0.05%w/v 0.05%w/v 

Sodium Ascorbate 
(pH 7.0) 100µM 100µM 100µM 
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HaCat’s 106/ml. Cells were cultured for 1 hour at 37ºC prior to the addition of 

fresh media (200-300µl) specific to cell type: Keratinocytes (KSFM; Gibco, 

Ontario, Canada), BHK (DMEM:F12; Gibco, Ontario, Canada).  

 

2.2.3 Cell viability and morphology 
Viability was assessed using Live/Dead toxicity assay (Molecular Probes, Gibco, 

USA). Cells (primary or cell line) were cultured for 24 hours in or on top of 

scaffolds (fibroblasts and BHK cultured within and keratinocytes and HaCat’s on 

top). After 24 hours, scaffolds containing cells were washed 3 times with 1x PBS 

(pH 7.0) and a mixture of ethidium-homodimer and calcein-AM according to 

manufacture’s instructions. After 30min scaffolds were washed 3 times with 1x 

PBS and visualized using a Zeiss Axiovert 200M fluorescence microscope and 

Axiovision software. Cell counts were obtained using Image J software (NIH, 

USA). Cell morphology was visualized using a wheat germ agglutinin conjugated 

AlexaFluor 488 (Invitrogen, Canada) membrane staining of fibroblasts seeded in 

the collagen scaffolds 24 hours after casting. Images were captured using a 

Zeiss Axiovert 200M fluorescence microscope and Axiovision software. 

 

2.2.4 Cellularity 
Primary human fibroblasts were grown in 200µl volume scaffolds (uncrosslinked 

(Col), crosslinked (xCol), crosslinked with PVA (xColHG)) for a period of 10 days. 

Briefly, gels were prepared as described above and 100,000 cells/ml of gel were 

combined with the liquid matrix resulting in 20,000 cells total per scaffold. To 

confirm cell totals at time 0 gels were digested with collagenase (Sigma, USA) 

1U/mL and cells were subsequently counted using Trypan blue to ensure 

similarity (data not shown). Fibroblasts were then grown for 10 days with gel 

harvest at days 2, 6 and 10. Culture media was changed every 48 hours. Gels 

were removed from wells and fixed in 4% w/v paraformaldehyde (Sigma, USA) 

for 24 hours at 4ºC. Gels were then transferred to 70% ethanol and prepared for 

paraffin embedding. Six cross-sections (5µm) per gel obtained from 3-batches of 
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gel were de-waxed and stained with DAPI nuclear stain (Vector Labs, Ontario, 

Canada). Cell counts (per low power field) were obtained using Zeiss Axioplan 2 

upright fluorescence microscope.  

 

2.2.5 Time to fibril formation 
The time it took for collagen gels to form fibers was used to indicate of casting 

time. Gels were prepared as described previously. Initial simple inverted test tube 

assays, as described previously (83), were used to estimate casting time during 

formulation (data not shown). Chilled gel resins (100µl) were aliquoted into 96 

well plates (Corning, USA). DMEM containing 10% FBS and 1% 

Penicillin/streptomycin was used as a blank. Gel resins were chilled on ice until 

the absorbance measurements were taken as described previously (93, 94). 

Absorbance at 313nm was recorded every 60s over a 1 hour period at 35ºC 

demonstrating the rate of collagen fiber formation.  

 

2.2.6  Mechanical strength  
Gels were cast in 5-well rectangular chamber slides (500µl each) and incubated 

for 24 hours at 37ºC. Tensile testing was done using a KES-G1 Micro-Tensile 

Tester (Kato Tech, Japan), with a 1kg load cell. Prior to loading, gels were dried 

of excess liquid using KimWipes™ (Kimberly Clark, USA) and weighed. Two 

pieces of KimWipe™ were then used to firmly secure the gel onto the specimen 

holder. Gels were then stretched until breaking at a deformation rate of 0.02 

cm/s. Tensile strength was calculated by dividing breaking load (g) with sample 

width (mm) and area density (g.sq.m) of the polymerized gels. For statistical 

purposes, six batches of gels were evaluated. 

 

2.2.7  Differential scanning calorimetry (DSC) and scanning electron 
microscopy (SEM) 

The same preparation procedure was used to prepare samples for both DSC and 

SEM, except that gels were not fixed for DSC analysis. Collagen scaffolds 
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(100µl) were cast in 96 well plates for 24 hours followed by fixation in 4% 

Formalin solution for 24 hours at 4ºC. After fixation the gels were dehydrated 

twice for 12h in 70% ethanol and then frozen at -80ºC prior to lyophilization. 

Lyophilized scaffolds were then weighed and evaluated on a Q1000 Differential 

Scanning Calorimeter (TA Instruments, USA) at 5ºC/min within a range of 20ºC 

to 100ºC. SEM samples were first gold coated prior to loading inside the vacuum 

of a Hitachi S-3000N SEM (Hitachi, Japan). 

 

2.2.8  Gel contraction 
Primary fibroblasts were populated within each of three collagen gels: Col, xCol 

and xColHG which were prepared as described previously and cultured at 37ºC. 

Cell media (DMEM containing 10% FBS and 1% antibiotics) was changed daily. 

Fibroblast populated collagen gels (250,000 cells/ml) were released from the 

plate walls 24 hours after gel casting (on day 0) and allowed to contract. Images 

were taken on days 1, 3, 5, 7 and 10 using a Sony CyberShot H9 digital camera 

at a standardized range. Gel size was measured using Image J (NIH, USA). 

 

2.2.9  Collagenase digestion 
Collagen gels (100µl) were cast in 96 well plates as described previously. Each 

gel was placed into 20µl of 1x PBS (pH 7.0) containing 0.3U of Closteridium 

Serine Peptidase A (CLSPA) purified from Clostridium Histolyticum (Worthington, 

USA). The mixture was then incubated at 37ºC for either 1, 2, 6, 12 or 24 hours 

to determine the optimal ratio of gel digestion (data not shown). Hydroxyproline 

measurements were carried out on digested samples (supernatant and pellets). 

Following digestion gels were centrifuged 3 times at 15,000x g for 10 minutes at 

4ºC with 1x PBS wash. The supernatants were separated from the pellet and 

recombined with 200µl of concentrated hydrochloric acid (HCl) for a final 

concentration of 6N. The hydroxyproline analysis was as preformed as described 

previously (95) with minor modifications.  Briefly, digested pellets were washed 3 

times with PBS prior to adding concentrated HCl. Both pellets and supernatants 
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were hydrolyzed for 16 hours using 6N HCl. Hydroxyproline concentrations were 

obtained by reading OD at 550nm.  

 

2.2.10  Bi-layered skin substitute 
Collagen gel scaffolds were prepared as described previously. Primary human 

fibroblasts were combined with the liquid matrix at 200,000 cells/mL prior to 

casting in Transwell™ permeable supports (Corning, USA). Fibroblasts-

populated gels were then incubated for 48 hours at 37ºC in DMEM containing 

10% FBS and 1% antibiotic (Gibco, USA). Primary human keratinocytes were 

cultured until 60% confluent in KSFM containing Bovine Pituitary Extract (BPE), 

Epidermal Growth Factor (EGF) and 1% antibiotic (Gibco, USA). After 48 hours, 

keratinocytes (1x 106 cells) were seeded on top of cultured gel scaffolds and the 

media was changed to 49%DMEM, 49% KSFM and 1% FBS, and 1% antibiotic 

(50/50 media) as previously described (37). Media was changed after 24 hours 

and after 36 hours the gels were raised to the liquid air interface in order to 

differentiate keratinocytes. The gels were cultured in the Transwell™ (with a dry 

surface) for 10 days (5% CO2) with 50/50 media containing 100µM ascorbic acid. 

Media was changed daily. After 10 days the bi-layered skin substitutes were 

removed from the Transwell™ and cast in a 1% agar gel. The gel was then fixed 

in 4% formalin for 24 hours. Paraffin embedded sections (5µm) were stained with 

hematoxylin and eosin (H&E) and images were captured using a Zeiss Axioplan 

2 (Carl-Zeiss, Ontario, Canada) upright microscope.  

 

2.2.11  Statistics 
The number of repeats represents different batches of gels. Experimental results 

were evaluated using Analysis of Variance (ANOVA) with a post-hoc Tukey Test. 

Statistical significance was estimated with an alpha value ≤ 0.05. Measurements 

were reported as means ± standard deviation.  
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2.3 Results 

2.3.1  Casting time 
Two key characteristics of an injectable ECM are rapid gelation and 

immobilization of cells. Our goal is to create a system that could be applied 

through injection or topically within a working window of 15 minutes prior to 

solidification. Fibril formation in vitro, through entanglement of the collagen 

coiled-coiled structure, is the final step of collagen gelation. As such, acellular 

liquid collagen solutions either uncrosslinked (Col, figure 2.1. panel A), 

crosslinked (xCol, figure 2.1. panel B) or crosslinked containing PVA-borate 

hydrogels (xColHG, figure 2.1. panel C) were evaluated for their rate of fibril 

formation. Time to fibril formation is calculated by the time to half max 

absorbance at 313nm. The lag time (tlag) is described as the time difference 

between the time at Ai and the time at the intersect between the slope (dA/dt) 

and the initial baseline absorbance (Ai) (93), represented by the following 

equation: 

 

 tlag =  ((Ai) - b)/(dA/dt), where b is the intercept of the line (dA/dt). 

 

Results shown in Figure 2.1 (Panel D) suggest that PVA-borate gels (xColHG) 

require less than half the time to form (p<0.001) and with a reduced lag time to 

initiate fibril formation compared to other gels  (p<0.001). The time to initiate fibril 

formation when heated from 4ºC to 37ºC is 13.65 minutes (819.1s ±153.7), 

where fibrils are formed at 16.3 minutes (978s ±268.4). Although both 

crosslinked gels with and without PVA-borate undergo shorter transitions to 

complete fibril formation, both the lag time and the time to half maximum 

absorbance for crosslinked gels without PVA-borate (1556.6s ± 203.9 and 2096 

± 196.4) were not significantly different from uncrosslinked collagen gels (1589.2 

±186.9 and 1920 ±128.6). 
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Figure 2.1. Time to fibril formation and gelation of collagen-GAG scaffolds.  

(A-B) Three collagen gels: collagen-GAG (Col), crosslinked collagen-GAG (xCol) 

and crosslinked collagen-GAG containing PVA-borate networks (xCol HG) were 

prepared on ice and maintained at 4ºC. To measure turbidity and rate of fibril 

formation gels were incubated from 4ºC to 37ºC and absorbance was measured 

every 30s at 313nm. DMEM (cell media), DMEM with borate and DMEM 

containing PVA-borate were used as respective blanks. (A) Turbidity shift of 

collagen scaffolds. (B) Time to fibril formation (t1/2max absorbance) (solid bars) 

and Lag time to initiate fibril formation (open bars). (C) Ejected xCol HG scaffold 

after casting in catheter tube at 37ºC for 7 min. (D) xCol HG scaffold after casting 

in rectangular tray at 37ºC. (n=9, p<0.05) *p<0.05 
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2.3.2  Mechanical strength 
Matrix strength is integral in predicting functionality of an engineered tissue. 

Although it is well known that crosslinking of collagen increases matrix strength, 

we were interested to whether the addition of PVA-borate networks at a dilute 

concentration had any effect on the tensile properties of the matrix. Stress/Strain 

curves of collagen gels, shown in Figure 2.2 panels A-C, depict good agreement 

among different batches and are consistent with previous findings [9, 26]. Results 

demonstrate that maximum strain at break was statistically similar among 

uncrosslinked (8.4% ±1.2%), crosslinked (12.5% ±7.02%) and crosslinked with 

PVA-borate (8.0% ±1.3%) systems. However the Young’s modulus (Y’ 

(∆stress/∆strain)) of the crosslinked collagen containing PVA-borate (1.414 

±0.5015MPa) was significantly greater than that of the crosslinked collagen 

(p=0.03) and uncrosslinked collagen (p<0.001). Furthermore, the maximum 

stress at break was also significantly greater in the xCol HG (0.074 ± 

0.0498N/m2) system compared to uncrosslinked collagen (0.014 ±0.0056N/m2, 

p=0.01). 
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Figure 2.2. Mechanical properties of hydrated collagen-GAG gels.  

Three collagen gels: collagen-GAG (Col), crosslinked collagen-GAG (xCol) and 

crosslinked collagen-GAG containing PVA-borate networks (xCol HG) were cast 

in 500µl rectangular wells at 37ºC for 24 hours prior to testing. Following 

incubation gels were weighed and loaded on the tensile mounts. Gels were then 

stretched until breakpoint at a rate of 0.1cm/s. The results represent six different 

batches of gel. Young’s modulus (Y), as one indicator of mechanical strength, 

was measured as the slope of the stress/strain curve  (σ/ ε) using engineering 

stress (force/ unit area density). (A-C) Stress vs. Strain curves for six different 

trials of each collagen scaffold: (A) Col, (B) xCol and (C) xCol HG. (D) Average 

Young’s modulus for six batches of collagen scaffold. The error is represented as 

standard deviation. (p<0.05) *p=0.03, **p<0.001, ***p=0.01. 
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2.3.3  Cell viability and morphology 
Although glutaraldehyde crosslinked collagen matrices have been used and 

studied extensively, it was essential to determine if the PVA-borate systems 

exhibited toxicity. As there is potential for this scaffold to be used as a cell 

delivery matrix, as wound coverage or injection, we assessed and compared 

toxicity across a range of cell lines and primary cells. As shown in Figure 2.3, 

primary human fibroblasts and keratinocytes, two key cellular components of skin 

exhibited 86±12% and 78.8±3.2% viability respectively when cultured in or on the 

xCol HG composite. Similarly, BHK cells and HaCat cell lines remained 79.6 

±9.7% and 84.8 ±4% viable when cultured on the xCol HG composite scaffolds. 

With the exception of primary human keratinocytes, this viability for crosslinked 

scaffolds was similar to uncrosslinked scaffolds. Primary human keratinocytes 

cultured on either crosslinked scaffold were on average 12% less viable 

(p<0.001) than those cultured on uncrosslinked collagen. Morphology of 

fibroblasts cultured inside the xCol HG gels for 24 hours (Figure 2.3, C) displayed 

a linear pattern compared to those cultured in either uncrosslinked or crosslinked 

collagen gels. Interestingly cell spreading in both uncrosslinked and crosslinked 

gels was random where as in xCol HG gels appeared to be uni-directional 

relative to a given location (i.e. plane) in the scaffold. 
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Figure 2.3. Viability and morphology of cells cultured in or on collagen-
GAG scaffolds.  

Three collagen gels: collagen-GAG (Col), crosslinked collagen-GAG (xCol) and 

crosslinked collagen-GAG containing PVA-borate networks (xCol HG) were 

prepared at 4ºC. (A-B) Primary human fibroblasts (hFF, solid bars); baby hamster 

kidney cells, an epithelial cell line (BHK, open bars); immortalized human 

keratinocyte cell line (HaCat, grey bars); and primary human keratinocytes (hKC, 

gradient bar) were evaluated for viability after 24 hours on each of the different 

scaffolds. HaCat, hKC and BHK were all cultured on top of the collagen scaffolds, 

where hFF were cultured within. Cells were stained with a mixture of Calcein AM 

(green- viable) and Ethidium-homodimer (red- dead) to indicate cytotoxicity of the 

scaffolds. 30% Ethanol was used as a negative control. Cell numbers were 

obtained from low powered field images Axiovision lite software. Cell numbers 

and standard deviation reflect the entire of population of cells in triplicate (3 

batches of gels). (C) Phase-contrast micrograph of fibroblasts within xCol HG 

gels. Fibroblasts were pre-treated with a fluorescent-n-glutenin membrane label 

(green) to depict cell morphology and surface area inside the casted scaffold 

after 24 hours. (n=3, p<0.05) *p=0.045 
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Figure 2.4. Fibroblast cellularity when cultured within collagen-GAG 
scaffolds over a 10-day period.  

Again, three collagen gels: collagen-GAG (Col, grey bar), crosslinked collagen-

GAG (xCol, closed bar) and crosslinked collagen-GAG containing PVA-borate 

networks (xCol HG, open bar) were prepared at 4ºC. Primary fibroblasts were 

incorporated within the gel-resin prior to casting at 37ºC. Gels were, washed and 

fixed in 4% paraformaldehyde for 12 hours prior to paraffin embedding on days 2, 

6 and 10. Sections were de-waxed and stained with DAPI nuclear stain in order 

to count total cell numbers per low powered field (LPF). Six sections were 

counted from 3 different batches of gels. (A) Representative low power images of 

DAPI stained gel sections. (B) Average cellularity of scaffolds on days 2, 6 and 

10. (n=3, p<0.05) *p=0.01, **p<0.001 (scale bar = 50mM) 

 



 31 

2.3.4  Cellularity 
High cellularity is a marker of tissue fibrosis. Control of fibroblast proliferation can 

be beneficial to reduce the degree of post-wound scarring and capsular 

contracture around implanted materials. It has been established that cells grown 

in a collagen gel (3D) exhibit reduced cellularity than those cultured on a plate 

surface (2D). In order to evaluate cellularity in these collagen systems, paraffin 

embedded gels were sectioned and analyzed under fluorescence microscopy 

using a low powered field (LPF). Results in Figure 2.4, panel B describe a 

marked increase in cellularity from day 6 to day 10 in uncrosslinked scaffolds. As 

of Day 10 xCol HG scaffolds have appreciably 5 fold less cells/LPF (p<0.001) 

compared to uncrosslinked collagen-GAG gels. Furthermore, the addition of 

PVA-borate hydrogels to the scaffold significantly reduces cellularity (23 

cells/LPF ±4) compared to the xCol gels (35 cells/LPF ±5, p<0.001). 

 

2.3.5  Resistance to contraction 
Hallmark determinants of contracture are high cellularity and reduction in gel 

strength (96). In order to evaluate if the xCol HG could mitigate cell-mediated 

contraction, casted gels were released from the plate surface and the surface 

area was measured daily over 10 days. As shown in Figure 2.5, panel A 

uncrosslinked collagen gels rapidly undergo contraction to nearly half the original 

size within 1 day of being released from the plate surface (p<0.001). Both 

crosslinked gels are able to mitigate contraction over a 3 day period (above 75% 

original size), where following day 3 the xCol scaffolds significantly reduce in size 

(day 5 p<0.0001; day 7 p=0.004; day 10 p<0.0001) relative to the xCol HG. On 

day 5 uncrosslinked scaffolds have reduced to near their minimum size at 25% 

±6% of their original surface area, whereas xCol HG scaffolds retain 91% ±5% 

(Figure 2.5, panel B). Furthermore by day 10 the xCol HG are able to resist 

contracture by 57% ±7.2% compared to xCol scaffolds at 38% ±9.6% (p<0.001).   
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Figure 2.5. Contraction of free-floating fibroblast populated collagen-GAG 
scaffolds (FFPC).  

Primary fibroblasts were cultured within each of three collagen gels: collagen-

GAG (Col, open circle), crosslinked collagen-GAG (xCol, open square) and 

crosslinked collagen-GAG containing PVA-borate networks (xCol HG, open 

triangle) and cultured at 37ºC. Cell media (DMEM containing 10x FBS and 1x 

antibiotics) was changed daily. FFPC’s were released from the plate walls on day 

0 and allowed to float. (A) Contraction images of FFPC’s over the course of 10 

days. (B) Resistance to gel contraction as marked by the percent of original gel 

on day 1, 3, 5, 7 or 10 where day 1 represents 24 hours following release of the 

scaffold from the plate walls. (n=3 batches of gel, p<0.05) ***p<0.001, **p<0.01, 

*p<0.05 
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2.3.6 Thermal stability 
Thermal stability and heat capacity is not only important for ‘shelf-life’ but also as 

an indicator of molecular bonding. Separately, it has been established that PVA 

and collagen exhibit distinct thermal properties, and that a combination of these 

polymers can produce enhanced effects (87). Lyophilized collagen gels were 

evaluated using DSC at a rate of 5ºC/min. Representative DSC isotherms found 

in Figure 2.6 (panels A-C) show that crosslinking of collagen eliminates the glass 

transition observed with uncrosslinked collagen. The heat loss by crosslinked 

collagen (figure 2.6, panel B) is much greater than uncrosslinked collagen 

approaching its crystallization point at 90ºC (consistent with both scaffolds). 

However, the addition of PVA-borate (figure 2.6, panel C) (even at 0.2%) 

distinctly changes the isotherm of the crosslinked scaffold (Figure 6, panel B). 

The heat capacity is notably increased at a Tg (glass transition temperature) of 

30ºC through to a second peak at 45ºC in the xCol HG with no evident sign of 

crystallization at temperatures under 100ºC (figure 2.6, panel C). It is known that 

PVA has a Tg of 85ºC, which may explain the slight change in heat flow at 

around 90ºC (97). The homogeneity of the heat flow curve does suggest that the 

addition of the PVA-borate hydrogel produces a stable polymer network. 
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Figure 2.6. Thermal and enzymatic stability of collagen-GAG scaffolds.  

Three collagen gels: collagen-GAG (Col), crosslinked collagen-GAG (xCol) and 

crosslinked collagen-GAG containing PVA-borate networks (xCol HG) were 

prepared at 4ºC and cast at 37ºC. (A-C) Differential scanning isotherms 

representative of different lyophilized scaffolds. Temperature was raised at 

5ºC/min, within a range of 20ºC – 100ºC. (D) Hydroxyproline content of digested 

supernatant calculated as percent of the total gel content. (n=3, p<0.05) **p=0.01, 

*p<0.001 

 

2.3.7 Resistance to enzyme degradation 
It has been previously established that the level of matrix metalloproteinases 

(MMP’s), matrix degrading enzymes, increases when fibroblasts are cultured 

within a collagen gel. In order to investigate if the addition of PVA-borate 

hydrogels to the scaffold could mitigate enzymatic degradation, acellular gels 
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were incubated in the presence of pure collagenase (CLSPA) for 24 hours. 

Results were quantified by measuring the hydroxyproline content, where 80 

±0.4% (p<0.001) of the uncrosslinked collagen was digested (figure 2.6, panel 

D). Interestingly, evident by hydroxyproline content, PVA-borate hydrogels 

exhibited a reduced degradation (19.5 ±1%) compared to those of both 

crosslinked (45.2 ±2%) and uncrosslinked collagen (mentioned above) after 24 

hours. 

 

2.3.8  Scanning electron microscopy (SEM) 
Pore size and fiber diameter are key modulators of cell physiology in a collagen 

scaffold. SEM imaging in Figure 2.7 revealed a distinct network of fibers in the 

crosslinked collagen scaffolds (panel B&E), with resembling a mesh unlike the 

larger fibers found in the uncrosslinked gels (panel A&D). Unexpectedly, the 

addition of the PVA-borate to the crosslinked networks created a heterogeneous 

network of channels, which appeared to be separated by a thin film rather than 

fibers (Figure 2.7, panel C&F). The topography of the xCol HG network suggests 

that it contains fibrous elements that are filled with PVA-borate (or 

glycosaminoglycan) similar to previous findings (87, 90, 92, 98).    
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Figure 2.7. SEM micrographs of three different collagen gels.  

(A&D) collagen-GAG, (B&E) crosslinked collagen-GAG and (C&F) crosslinked 

collagen-GAG containing PVA-borate networks. Gels were cast at 37ºC, 

dehydrated in 70% ethanol and freeze dried at -80ºC prior to gold plating. Scale 

bar: 10µm (A-C) and 5µm (D-F). 

 

2.3.9  Engineered skin substitute (ESS) 
The development of a liquid matrix system for cell delivery may be advantageous 

for application as a skin substitute. In vitro morphology of cells cultured in the 

xCol HG composite ESS showed an ordered arrangement, which differed from 

the random attachments observed in either uncrosslinked or crosslinked collagen 

scaffolds. In order to evaluate architecture of skin substitutes prepared over a 14-

day period using both primary fibroblasts and keratinocytes. Paraffin embedded 

sections of ESS were mounted on slides and analyzed using H&E staining. 

Results demonstrated that fibroblasts, depicted in Figure 2.3, panel C, exhibited 

a similar linear morphology to was also achieved in the xCol HG ESS (figure 2.8, 

panel C).   On the other hand, cellular organization was random in both of the 

other ESS. Furthermore the cellularity was also markedly less, in the xCol HG 

(Figure 2.8, panel C) and resembled a cross section of full thickness skin. Finally, 
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it was also evident that the thickness of both crosslinked scaffolds (Figure 2.8, 

panels A&B) was consistent across the entire section where in the uncrosslinked 

scaffolds the middle of the gel was thinner than at the edge.  

 

 

 

Figure 2.8. Phase-contrast micrographs of engineered skin substitutes ESS.  

Three different collagen gels: collagen-GAG (Col), crosslinked collagen-GAG 

(xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG) 

were used to prepare ESS’s. First, primary fibroblasts were combined with gel 

resin prior to casting in a permeable support for 48 hours at 37ºC. After 48 hours 

primary keratinocytes were seeded on top of the scaffolds and the media was 

changed to 50/50 (DMEM/KSFM) as described in methods. After 36 hours media 

was lowered to expose the gel liquid interface and allow keratinocytes to develop 

over a 14 day period. Images represent H&E stained sections from paraffin 

embedded ESS. Scale bars: 100µm (A-C) and 50µm (D-E). 
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2.4  Discussion 
Cell transplantation offers significant advantages over solid organ transplants for 

tissue repair and regeneration as a less invasive approach with potentially 

reduced immunosuppression (54, 99).  One of the main hurdles for cell 

transplantation is the development of a viable injectable cell matrix system that 

will integrate with surrounding tissue while mitigating fibrotic responses. Several 

approaches to creating injectable scaffolds have employed crosslinking reagents, 

as well as modified synthetic and natural polymers that undergo crosslinking in 

situ. In this study we chose the use of glutaraldehyde as a rapid, well established 

collagen-crosslinker. Notably, we found our crosslinked gels to be non-toxic for 

both cell lines and primary cells. Although primary fibroblasts were used 

throughout the study, the viability of primary keratinocytes cultured on the gels 

was also evaluated in order to assess the usefulness of the scaffolds as skin 

substitutes. Furthermore, the viability of Baby Hamster Kidney cells (an epithelial 

cell type) and HaCat (immortalized keratinocyte) cell lines were included within 

our investigation to ensure that a variety of cells could grown in our scaffold. 

Importantly, all cultured cells remain viable in the presence of polyvinyl alcohol-

borate, in or on any of the collagen-GAG scaffolds.  

 

PVA is a neutral polymer that easily undergoes hydrogen bonding under 

physiological and basic conditions (88, 89, 92, 100). The formation of a gel as a 

result of hydrogen bonding is most pronounced in the presence of sodium 

borates. The bonding between borate and PVA is well known to cause rapid 

gelation under concentrated conditions (89). In this study we added a dilute PVA-

borate mix to collagen-GAG resins in order to produce a rapidly forming 

injectable ECM. Using a simple inverted tube assay (86, 101) we were able to 

observe the crosslinking of collagen at 37ºC in less than 10 minutes (data not 

shown). Although a solid gel may form within 10 minutes, the formation of fibrils 

(i.e. complete gelation) will take longer. Crosslinked collagen scaffolds that 

contained the PVA-borate hydrogels (xCol HG) showed a significantly increased 

rate of fibril formation (16.3 min), as well as a reduction in the lag time. This could 
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be explained as the result of hydrogen bonding between PVA-borate and 

collagen complexes that in turn increases viscosity and enhances nucleation of 

collagen fibers at 37ºC (102, 103). Bonding between PVA and collagen was 

shown previously to create stronger biomaterials (87). In vivo collagen provides 

strength and toughness. Hyaluronic acid (HA) is a tissue abundant 

glycosaminoglycan providing lubrication and resiliency. It was thought that the 

addition of PVA-borate hydrogels, similar to HA, would not only increase strength 

but also elasticity. Where in fact xCol HG’s demonstrated a significantly higher 

tensile strength (‘Y’) (1.414 ±0.5015MPa) than either of the control gels, the 

ultimate elasticity was not improved. One possibility is that there is more 

extensive bonding between the collagen and PVA networks, which exists at 

dilute PVA concentrations, that requires a greater force per unit area of strain 

(103). Thus, once the breaking force is obtained the bond energies are broken 

and the gel tears. The DSC results (Figure 2.6) suggest that there is a more 

extensively bonded (hydrogen) network in the PVA-borate and Collagen-GAG 

crosslinked composites, compared to the other two scaffolds as marked by an 

increased heat capacity. These data suggest that the intermolecular bonding 

between polymer species (PVA and collagen) may have an additive effect in 

improving the strength of the gel (104). In comparison, the elastic modulus of 

actual dermis (in vivo and ex vivo) has been found to be in the range of 0.6-5 

MPa, with rat dermis slightly less at 0.4 MPa and simple dermal equivalents in 

the order of 8-10 kPa (50, 51, 105). Normal loads (using indentation) have 

recently been reported to be in the range of 1-10 kPa (106).  In actual dermis it 

was shown that below a 10% strain rate the mechanical properties of the dermis 

differ significantly from higher strain rate, and this may be do to the presence of 

elastin-unwinding and adhesion of proteoglycans. Where patient age, matrix 

composition, hydration, relative humidity and the method can alter these values 

considerably, our results demonstrate that even in the absence of cells the 

hydrogel-containing injectable scaffold (once formed) can exhibit comparable 

mechanical stiffness to actual dermis. More importantly, these data demonstrate 

that the composite collagen matrix confers a greater tensile strength when 



 40 

compared to crosslinked and uncrosslinked scaffolds, and may in part, explain 

the resistance to fibroblast contraction in free-floating gels. 

 

Free-floating collagen gels have a tendency to contract when populated with 

fibroblasts (96). Contraction in vitro is a function of both the mechanical force 

required to cause contraction and the total number of fibroblasts to apply a given 

force (107). Thus, it is reasonable to suggest that a stiffer material will require 

more fibroblasts to produce contraction. Our results suggested a significant 

decrease in proliferation from days 5 -10 in both crosslinked gels compared to an 

uncrosslinked gel. The addition of PVA further reduced proliferation from days 6 -

10 as the total number of cells on day 10 was significantly less in the xCol HG 

than that of the xCol gel. Previously, PVA composites were found to be 

inadequate growth substrates for fibroblasts, as suggested by the possible lack 

of adhesion points. In our study we used a significantly lower amount of PVA 

within our composites, whereby cells could adhere. Cell morphology (Figure 2.3) 

in the presence of PVA-borate was visibly different, maintaining spindle-shape 

morphology. The amount of PVA (0.2%w/v) is less than the amount of HA used 

in other gel composites, and also was the upper limit of what could be applied 

without causing premature gelation (data not shown) (108). Together the 

improved tensile strength and reduced proliferation observed in our composite 

gels suggested that they would provide greater resistance to contraction when 

compared to either crosslinked or uncrosslinked gels. The significant difference 

in contraction between the crosslinked collagen gels and those containing PVA-

borate occurred after day 3. In fact, with the exception of day 7, scaffolds 

containing PVA resisted contraction significantly from days 5 - 10 (compared to 

crosslinked without PVA) and maintained nearly 60% of their original size at the 

end of the study. Interestingly these data follow the same trend observed in cell 

counts over the same period (Figure 2.4).  

 

Within a short period of time, fibroblasts are able to remodel collagen scaffolds, 

causing them to degrade. Fragmented collagen and GAG have been shown to 
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induce proliferative, fibrotic and immune responses (107). As a cell transplant 

delivery system, we were interested to learn if this composite system would be 

able to withstand specific degradation by collagenase. Clostridium serine-

peptidase A is the most purified clostridium collagenase responsible for initiating 

digestion by unwinding and cleaving collagen, ultimately exposing it to other 

proteolytic enzymes (109). The hydroxyproline content in digested samples 

demonstrated that the PVA-borate gels were more resistant to degradation than 

either of the other gels. Similar to previous findings, crosslinked collagen was 

more resistant than uncrosslinked collagen. One explanation for these 

observations is that in addition to the glutaraldehyde crosslinks, the 

entanglement of PVA-borate networks among collagen fibrils further inhibited 

enzymatic attack (104). In support of this explanation, SEM images of the PVA-

borate composites unlike Col and xCol gels, show lack of any fibers, and rather 

film formed crevasses. Compared to the SEM of other PVA-borate mixtures, thin 

films in the void space between and around the crosslinked collagen bundles 

may in part explain the absence of fibers in the xCol HG images (86). Most 

interesting is that the ‘crack and crevasse’ appearance of Figure 2.7F is similar to 

the SEM topography of decellularized pig and human dermis (110, 111).  

 

Skin substitutes, as a cell transplant, are now becoming a more attractive option 

for the treatment of severe burns and chronic wounds. When we compared the 

histology of skin substitutes that were created using uncrosslinked, crosslinked or 

crosslinked PVA-borate containing collagen-GAG scaffolds it was found that 

those containing PVA were most similar to skin. Cellularity, cell morphology and 

even skin appendages (dermis and epidermis) were more consistent to normal 

anatomy. Furthermore the evident reduction in cell proliferation within the skin 

substitute containing PVA-borate (Figure 2.8) was also consistent with our 

findings in Figure 2.4. Interestingly, fibroblasts maintained a linear shape (similar 

to the morphology found in Figure 2.3) that may be caused by a restrictive 

environment created by the PVA-borate networks. Ultimately, this could produce 

a niche in which fibroblasts can survive, but not overgrow. The extensively 
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hydrogen bonded, and perhaps charge neutralization as a result of PVA-borate 

networks could reasonably create regions that are unfavorable for cell 

adherence. Further studies are required to better understand the morphological 

response of fibroblasts cultured within the PVA-borate containing skin 

substitutes. The use of injectable gels has the potential to improve the success of 

skin cell transplants as in situ forming skin substitutes. At present, there exist a 

variety of materials in which to deliver cells. Refinement of these injectable 

systems is needed to produce a matrix, that once gelled assume a desired 

architecture similar to solid, pre-formed scaffolds. 

 

2.5 Conclusion 
Our study evaluated the formulation of a simple, injectable collagen-GAG ECM 

containing networks of PVA-borate. Specifically, we demonstrated that the 

incorporation of PVA-borate networks was not only provisional for timely gelation 

of the ECM, but also improved architecture and mechanical properties. Where 

high cellularity and contracture is usually associated with fibrosis, these gels 

demonstrated the potential to dampen cell proliferation and contraction, without 

compromising cell viability. Altogether the improved functionality of our simple, 

PVA-borate containing collagen system warrants its further investigation in cell 

transplantation as a dermal substitute or injectable matrix. 
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3 Polyvinyl alcohol-graft-polyethylene glycol hydrogels improve 
fibrillation kinetics, mechanics and utility of 
collagen:glycosaminoglycan scaffolds 

 

3.1 Introduction 
The fabrication of collagen scaffolds for medical and research purposes has 

been studied extensively. Characterization of collagen and the fibrillation 

process, both in vivo and in vitro, is well known to occur at a neutral pH through a 

transition at 37ºC that involves the denaturation of collagen into a linear form that 

can undergo hydrogen bonding between triple-helix chains of soluble collagen 

(59, 60, 93, 112, 113). The result of the process is an insoluble gel structure. The 

addition of glycosaminoglycan can further stabilize this process (33, 63). In the 

body collagen is in a dynamic state. Stability is achieved, in part, through the 

hydrophobic interactions collagen chains coupled with the solvation effects of 

water and hydrogen bonding and physical crosslinking. Collagen is the most 

abundant protein in the human body. There are over 28 types of collagen all of 

which assume a right-handed helix and an amino acid sequence that has been 

well conserved throughout evolution (56, 114). In fact, marine species such as 

hydra are known to comprise of a collagen that resembles type IV in humans. 

Marine collagen, unlike mammalian collagen, must undergo transition states at 

lower temperatures in order to form into a gel-like structure (114). The amino acid 

sequence of marine species provides for a lower gel transition temperature (Tg) 

and melting point (Tm) than that of mammalian collagen. The ability to form a 

scaffold at a lower temperature is provisional for improved utility of a scaffold for 

both medical and research purposes as a vehicle for cell transplantation. Aside 

from modification of the collagen amino acid sequence or the use of detergents, 

there are no known methods to both reduce the gelation temperature of collagen. 

In previous work it was determined by Li Y. (2009) that sodium dodecyl sulfate 

(SDS) could be used to reduce gelation points of collagen scaffolds, however it is 

known that SDS is also toxic to cells (64). Polyvinyl alcohols (PVA) and 

polyethylene glycol (PEG) have been known to be useful, and biocompatible 
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surfactants (68, 69). Variations of these polymer-surfactants have the added 

advantage of stabilizing the collagen structure, and altering its mechanical 

properties once gelled (62, 87, 97, 104). Toward the development of a simple cell 

delivery system the polymer additions would allow for rapid gelation of a collagen 

matrix in situ. In our earlier work we discovered that the addition of a single 

variant PVA-borate hydrogel to a crosslinked collagen-GAG scaffold could 

improve mechanical and physical properties (62). Through optimization of our 

earlier system, we can move toward the fabrication of cost effective injectable 

extracellular matrix that is opportune to satisfy several unmet needs in cell 

transplantation and tissue engineering (54, 115). In this work we further 

investigated the role that PVA variants play in enhancing the properties of 

collagen gel. As long chain polymer surfactants, the PVA and PEG variants could 

potentially be used to improve stability of neutralized collagen, where typically 

commercially available collagen is only available in an acidic medium. The 

second objective of this study was to investigate the potential of the polymers to 

stabilize a collagen scaffold for storage as a powder. Herein we described the 

use of PVA and PVA-graft-PEG copolymers to reduce the gelation temperature 

of collagen fibrillogenesis in vitro and the benefit of such polymers to stabilize a 

neutralized collagen system that can be lyophilized and reconstituted to form a 

scaffold in situ.  
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Figure 3.1. Process-schematic for the fabrication of the reconstitutable, 
collagen scaffold. Steps 1-8 describe the process by which one can 
manufacture the scaffold, freeze-dry, then reconstitute using water or other 
aqueous media and easily apply to a wound bed or cell culture container.  
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3.2 Materials and methods 
 

3.2.1 Materials 
Type I fibrous-bovine collagen (Advanced Biomatrix, USA), polyvinyl alcohol 

(PVA) 88% and 99% hydrolyzed (Alfa Aesar, USA), Kollicoat IR (polyvinyl 

alcohol-graft-polyethylene glycol) (Sigma Aldrich, Oakville, Can), sodium 

tetraborate decahydrate (borate) (Sigma Aldrich, Can), glutaraldehyde (25%v/v, 

Sigma Aldrich, Can), Dulbecco’s Modified Essential Medium (10x, Life 

Technologies, Can), Chondroitin-6-sulfate (GAG) (Sigma Aldrich, Can), Dextran 

(40,000Da, Sigma Aldrich, Can), Ascorbic acid (Sigma, Aldrich, Can), Tween20 

(Sigma Aldrich, Can), Tween80 (Sigma Aldrich, Can), Sodium dodecyl sulfate 

(Sigma Aldrich, Can), (Live/Dead viability assay kit (Molecular Probes, Invitrogen, 

Can), Phalloidin-488 Alexa Fluor (Invitrogen, Can). 

 

3.2.2 Fabrication of collagen-polymer hybrid scaffolds 
Type I fibrous-bovine collagen in 1N HCl was combined with a collagen buffer 

(10x DMEM, 10x PBS, 10x HEPES and 1x Antibiotic, pH 7.5) and pH adjusted 

using 1N NaOH as depicted in Figure 3.1. Once neutralized Chondroitin-6-sulfate 

was added to scaffolds (1:6, collagen:GAG).  Non-crosslinked controls were 

combined with either remaining hydrogel reagents, or DMEM (1x). Crosslinked 

Gels were mixed thoroughly with a high molecular weight dextran (40,000Da)- 

glutaraldehyde mixture (0.02%v/v or as reported in Table 3.1) and allowed to 

incubate on ice in the dark. Incubation times varied as per the concentration and 

experimental object as outlined in Table 3.1.  To optimize the crosslinker effects, 

gel-mixtures were exposed to glutaraldehyde concentrations that were either of 

proportion to a reaction volume (c1) or to the amount of collagen (c2) (Figure 

3.1.A) or proportional to the incubation time (Figure 3.1.B). Different time periods 

were selected for each of the two treatment conditions such that exposure would 
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be similar. Table 3.2 describes the composition of variants used in all other 

investigations which followed the same crosslinking procedure as found in the 

variant in Table 3.1 (i.e.“Fig 3.2.B 21min”). Following incubation polymer hybrid 

gels were combined with respective amounts of PVA or PVA-PEG copolymer 

and gelling agent (sodium tetraborate decahydrate, 0.04-05%w/v) in a 1:4 ratio of 

borate molecule to hydroxyl functional group. All gel-mixes were brought to a 

final volume with 1x DMEM and ascorbic acid (100uM). Gel-mixes were stored at 

4ºC until casted or frozen at -80ºC for lyophilization. Select scaffolds were 

lyophilized (freeze-dried) for 36 hours, then ground into a powder using a mortar 

and pestle and reconstituted to their original concentration using distilled and 

deionized water.  

 

Table 3.1 Crosslinking conditions for scaffold variants depicted Figure 3.1 
Scaffold Stock 

Collagen 

Glutaraldehyde Incubation time 

Col 9.9mg/ml - - 

C1/45 9.9mg/ml 0.013 %w/v  

C1/60 9.9mg/ml 0.013 %w/v  

C1/70 9.9mg/ml 0.013 %w/v  

C1/90 9.9mg/ml 0.013 %w/v  

C2/15 9.9mg/ml 0.032 %w/v  

C2/30 9.9mg/ml 0.032 %w/v  

C2/60 9.9mg/ml 0.032 %w/v  

Fig 3.2.B. 60min 9.9mg/ml 0.02 %w/v (reaction 
volume corrected to 

represent stock 
collagen of 6mg/ml) 

60min 

    

Fig 3.2.B. 42min 9.9mg/ml 0.02% 42min 

Fig 3.2.B. 21min 9.9mg/ml 0.02% 21min 
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Table 3.2 Composition of scaffold variants  
Scaffold Collagen (final) Glutaraldehyde  Additive 

Collagen (Col) 3mg/ml - - 

    

Crosslinked 

collagen (xCol) 

3mg/ml 0.02%w/v - 

    

 (50/50) 3mg/ml 0.02%w/v 0.4%w/v of a 48% 
PVA (99% 

hydrolyzed) / 48% 
PVA (88% 

hydrolyzed) / 2%w/v 
glycerol and 

0.05%wt borate 
    

K99 3mg/ml 0.02%w/v 0.4%w/v of a 48% 
PVA (99% 

hydrolyzed) / 48% 
Kollicoat IR® / 
2%w/v glycerol 

and 0.05%wt borate 
    

K88 3mg/ml 0.02%w/v 0.4%w/v of a 50% 
PVA (88% 

hydrolyzed) / 48% 
Kollicoat IR® / 
2%w/v glycerol 

and 0.05%wt borate 
    

PVAnb 3mg/ml 0.02%w/v 0.4%w/v of a 48% 
PVA (99% 

hydrolyzed) / 48% 
PVA (88% 

hydrolyzed) / 2%w/v 
glycerol 

    

TW80  3mg/ml 0.02%w/v 0.015mM 
Tween80(116) 

    

TritonX100 3mg/ml 0.02%w/v 0.22mM 
TritonX1003  

 
                                            
3 Sigma Aldrich, MSDS. 
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3.2.3 Crosslinker, polyvinyl alcohol and copolymer effects on gelation 
kinetics 

Gel-mixes were aliquoted (150ul/well) into a 96 well plate on ice. Gelation 

kinetics were captured using a heated plate reader (Tecan, USA) with a 313nm 

uv/vis polarized filter set and Magellan Software™. The plate reader was first 

heated to the appropriate temperature (30, 32, 34, 37ºC) and measurements 

were captured at either 1 or 2-minute intervals. Three batches (triplicate) of gel 

variants were used for each analysis (n=3) unless otherwise reported. Turbidity is 

the best indicator of collagen fibrillogenesis, and more indicative of gelation when 

combined with translucent hydrogels such as PVA and PEG (62-64, 93). The 

time to gelation is represented by the time at half the maximum absorbance at 

313nm. The lag time is the time from the start of gelation to the time at half the 

maximum. The slope of the curve dA/dt indicates the rate fibrillogenesis. Using 

the Arrhenius equation [3.1] the activation energy can calculated using first order 

kinetics of gel variants at different temperatures plotted as lnk vs. 1/T, where k is 

the rate constant and T is the temperature in Kelvin. The rate constant for a first 

order reaction can be derived from the gelation time (t1/2) using equation [3.2]. 

 

[3.1] lnk=lnA-Ea/T 

 

[3.2] k=ln(2)/t1/2 

 

Using similar principles the change in rate fibrillogenesis (dA/dt) with respect to 

the polymers can also be determined through the comparison of the slope of the 

curve in the linear region.   

 

3.2.4 Mechanical strength 
Gels were cast in 5-well rectangular chamber slides (400ul each) and incubated 

for 24 hours at 37ºC. Tensile testing was done using a KES-G1 Micro-Tensile 
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Tester (Kato Tech, Japan), with a 1kg load cell. Prior to loading, gels were dried 

of excess liquid using a KimWipe™ (Kimberly Clark, USA) and weighed. Two 

pieces of KimWipe™ were then used to firmly secure the gel onto the specimen 

holder. Gels were then stretched until breaking at a deformation rate of 0.02 

cm/s. Tensile strength (engineering stress) was calculated by dividing breaking 

load (g) with sample width (mm) and area density (g.sq.m) of the polymerized 

gels, thereby to obtain the elastic modulus (E). For statistical purposes, three 

batches of gel were evaluated. 

 

3.2.5 Scaffold architecture using Scanning Electron Microscopy (SEM) 
Collagen scaffolds (100µl) were cast in 96 well plates for 24 hours followed by 

fixation in 4% Formalin solution for 24 hours at 4ºC. After fixation the gels were 

dehydrated twice for 12h in 70% ethanol and then frozen at -80ºC prior to 

lyophilization. SEM samples were first gold coated prior to loading inside the 

vacuum of a Hitachi S4700 SEM (Hitachi, Japan). 

 

3.2.6 Contact angle 
Gel-mixtures were formulated as described and then cast into thin films on glass 

slides at 37ºC and then allowed to dry in a laminar flow hood for 24 hours. Using 

a contact angle tool (KSV Instruments), contact angle of a water droplet on the 

surface of the thin film was calculated using Attention Theta Software V4.1.  

 

3.2.7 Cell viability  
Viability was assessed using Live/Dead toxicity assay. Cells (primary or cell line) 

were cultured for in scaffolds for 24 hours. After 24 hours, scaffolds containing 

cells were washed 3 times with 1x PBS (pH 7.0) and a mixture of ethidium-

homodimer and calcein-AM according to manufacture’s instructions. After 30min 

scaffolds were washed 3 times with 1x PBS and visualized using a Zeiss Axiovert 

200M fluorescence microscope and Axiovision software. Cell counts were 

obtained using Image J software (NIH, USA).  
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3.2.8 Cell adhesion and migration 
Cell attachment and spreading was evaluated using phalloidin-Alexa-fluor 488 for 

staining of actin in fibroblasts cultured within collagen scaffolds 24 and 48 hours 

after casting. Briefly, gels were created and combined with cells as per the 

assessment of cell viability (above). Evaluation of cellular migration consisted of 

creating 4mm punch biopsies in the center of the gels and then filling the hole 

with acellular gel. Images were captured over a 10-day period, and migrating 

cells were designated as those that crossed into the new gel from the margin of 

the old. Images were captured using a Zeiss Axiovert 200M fluorescence 

microscope and Axiovision software. 

 

3.2.9 Statistics 
The number of repeats represents different batches of gels. Experimental results 

were evaluated using Analysis of Variance (ANOVA) with a post-hoc Tukey Test. 

Error calculations for linear regression represent the mean standard error of the 

fit for a given R2 value of triplicate samples. Statistical significance was estimated 

with an alpha value of 0.05 (p<0.05). Measurements were reported as means ± 

standard deviation.  
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3.3 Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Effect of crosslinker concentration on fibril formation kinetics 
and turbidity. 

Collagen solutions (3mg/ml) were fabricated either in the absence (Col) or 

presence of glutaraldehyde crosslinker. Collagen solutions were maintained on 

ice until being placed in a TECAN® spectrophotometer at 37ºC to measure 

turbidity as an indicator of fibril formation (gelation) at 313nm. Panel (A) depicts 

collagen fibril formation kinetic profiles of three conditions described in Table 3.1. 

Panel (B) depicts a third condition with collagen alone as a control (col). Here the 

glutaraldehyde concentration is the same as C1 in panel A (0.002%wt) and the 
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incubation time is proportional to the reaction volume. The “60min Voleq” solution 

has a reaction concentration of collagen at 1.5mg/ ml, whereas the other two 

solutions contain 3mg/ml collagen.  

 

3.3.1 Effect of crosslinker concentration, PVA and time on fibril formation  
In order to optimize the formulation of the gel with respect to changes in stock 

collagen concentration we sought to first investigate the effect of both 

glutaraldehyde concentration and crosslinking incubation time on the change in 

fibril formation rate. First, when a change in glutaraldehyde concentration was 

proportional to a change in stock collagen concentration (where we previously 

utilized 6mg/ml (62)) the crosslinking reaction would result in gel solidification on 

ice. As such, it was found that increasing the concentration of would actually 

decrease the gelation rate, rather than increase it as might be predicted (Figure. 

3.2.A (C1)). Furthermore higher concentrations of crosslinker resulted in a higher 

initial absorbance at 313nm. Interestingly, this pattern continued within the 

reaction-volume matched samples, which contained less glutaraldehyde 

crosslinker (C2). Collagen alone, without crosslinker exhibited the lowest initial 

absorbance and highest final absorbance, together with the fastest fibril 

formation as shown in Figure 3.2.A. Again t1/2max decreased, slightly, with the 

duration of incubation within the volume-matched reaction groups (Figure 3.2.A). 

It was apparent that a higher glutaraldehyde concentration in the reaction also 

corresponded to a reduction in t1/2max that was proportional to incubation time. 

This reduction in gelation time would ultimately correspond to both a reduction in 

the formulation time and time for gel solidification as a working mixture. 

Interestingly, when the incubation time was adjusted for the stock concentration 

of collagen used in the reaction vessel (Figure 3.2.B) the reaction kinetics could 

be controlled. This result demonstrated that the optimal final concentration of 

crosslinker is 0.02%w/v and that crosslinking incubation time should be adjusted 

in proportion to the stock concentration (reaction vessel concentration) of 

collagen. 
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Figure 3.3. Arrhenius plot for collagen fibrillation as a function of PVA-
borate hydrogel concentration  

Uncrosslinked collagen scaffold variants were prepared as described in the 

materials and methods, containing 0 -1.0%w/v polyvinyl alcohol (PVA) (50%wt 

99% hydrolyzed and 50%wt 88% hydrolyzed). Using Equation [1] a reduction in 

the activation energy for collagen fibrillogenesis is observed at 313nm as the 

concentration of PVA is increased.  
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Table 3.3. Effect of polyvinyl alcohol-borate gels on activation energy of 
collagen fibrillation  

 

The effect of polyvinyl alcohol-hydrogel addition to the gel-mixtures demonstrated 

an increase in rate of fibril formation when the concentration of PVA is increased 

from 0 to 1.0%w/v, which corresponded to a significant reduction in activation 

energy (Figure 3.3). As shown in Table 3.3 the addition of 1%w/v PVA resulted in 

more than 50% reduction in the required activation energy for fibril formation. The 

slight increase in gelation rate was also associated with a decrease in overall 

gelation time, however this change was not significant. Toward the formulation of 

a scaffold that could cast within a wound bed, or in the working range of 30ºC-

37ºC for cell delivery and transplantation, gel-mixtures containing different PVA-

hydrogel concentrations were explored. The results demonstrated that the PVA-

borate hydrogels could in fact alter the fibril formation kinetics of Type I bovine 

collagen, in order to permit gelation at 30ºC. Where typical inverted test-tube 

tests may demonstrate gelation at these lower temperatures, evaluation of 

turbidity at 313nm wavelengths remove the possibility of the PVA-hydrogel 

system to present artifact.  

 

[PVA] Ea (J/mol) R2 P value 

0 2602.86 ±424.88 0.93 * 

0.2 2524.42 ±487.56 0.90 
 

0.4 2025.82 ±240.48 0.96 ** 

0.6 1504.28 ±280.20 0.91 0.00035*/0.00612** 

0.8 760.95 ±237.50 0.78 <0.0001*/** 

1 1276.45 ±399.88 0.78 0.00024*/0.001** 
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Figure 3.4. Effect of PVA variants on collagen fibrillogenesis pre- and post 
lyophilization/reconstitution.  

Collagen solutions of (3mg/ml) alone (col) or crosslinked and combined with 

hydrogels or surfactants as follows: (xcol) crosslinked without any additives, 

(50/50) 50% PVA88/ 50% PVA99, (K99) 50% Kollicoat® / 50% PVA99, (K88) 
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50% Kollicoat®/ 50% PVA88, (TritonX100) TritonX-100, (tw80) Tween 80. Panel 

(A) depicts the shift in t1/2max for collagen fibrillogenesis with the addition of 

crosslinker, surfactant and PVA-hydrogel combination. Panel (B) depicts the 

fibrillogenesis of lyophilized and reconstituted collagen solutions matched to 

panel (A) and denoting the shifts in t1/2max, with the exception of k99, k88 and 

50/50.  

 

 

3.3.2 PVA-hydrogel addition preserves gelation and mechanical properties 
of gel-mixtures following lyophilization 

As an attempt to increase the stability of the gel-mixture (for transport and 

storage purposes), mixtures were lyophilized, ground into a powder and then 

reconstituted. Lyophilized mixtures were reconstituted with deionized and distilled 

water, without the need for pH neutralization. Interestingly, the PVA-hydrogel 

systems that were created using a PVA-PEG co-polymer (Kollicoat ®) were most 

easily reconstituted. Collagen scaffold variants that were not crosslinked and did 

not contain PVA exhibited significantly longer gelation times when compared with 

the matched non-lyophilized scaffold mixture (52.6min ±1.52 v. 36min ±1.73) 

(Figure 3.4 & 3.5). The crosslinked-only (xcol) scaffolds were able to form fibrils, 

yet at a significantly longer gelation time than prior to lyophilization. Liquid 

mixtures of scaffold variants that contained PVA-hydrogels exhibited initial 

absorbances that were slightly higher than prior to lyophilization, yet formed 

fibrils within a statistically similar amount of time (Figure 3.4 & 3.5). The 

Kollicoat® samples, most notably K99, were among the fastest to gel (15.7min 

±1.16) and exhibited the smallest change turbidity (from t=0 to tmax absorbance) 

suggesting that that the PVA-PEG must have had a protective effect on the 

collagen structure in powder form, and again when reconstituted.  As shown in 

Figure 3.4 & 3.5 PVA-hydrogel scaffolds exhibited a significant reduction in 

gelation time when compared with col, xcol, Tw80 and Tritonx100 variants. The 

greatest reduction in gelation time was observed in scaffolds that contained the 

PVA-PEG hydrogels (2.02 fold). In comparison to previous studies that examined 
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the effect of surfactants on collagen gelation kinetics (64, 117) Tween 20, Tween 

80 and Triton-x100 were combined within gel mixtures at their respective central 

micelle concentration’s (CMC). (Note: The effect of Tween 20 was comparable to 

Tritonx100 and therefore was omitted for figure clarity). As shown in Figures 3.4 

and 3.5 all surfactants increased the gelation rate (lowering t1/2max) of both pre- 

and post-lyophilized samples, but to a significantly lesser extent than a majority 

of the PVA’s.  
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Figure 3.5 Quantification of collagen solution gelation kinetics and 
mechanical properties pre- and post lyophilization (freeze drying). 

Panel (A) quantification of scaffold gelation time (fibrillation) as indicated by 

t1/2max. Scaffolds were prepared as described in materials and methods. Panel (B) 

uniaxial mechanical strength (elastic modulus, E) of scaffold variants. Bar 

grouping with (*) denotes a statistical significance of p<0.001 and (**) p<0.05.  
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3.3.3 PVA-PEG and PVA-hydrogel systems exhibit a surfactant like effect 
on collagen gel-mixtures 

A primary role of surfactants is to improve the hydrophilicity of a hydrophobic 

surface. The addition of Tween 20, 80 and Triton-x100 to the collagen gel 

mixtures significantly reduced the aqueous contact angle of a water droplet 

sitting on top of a casted, thin-film of a gel mixture from 108º (Collagen:GAG) to 

51, 75º for Triton X100 and Tween 80 respectively (Figure 3.6). Additionally, 

there were differences in the contact angle depending upon the type of PVA that 

was used. Interestingly, when omitting borate (PVAnb) from the system the 

contact angle increased significantly from (52º to 72º). The crosslinked only gel-

mixtures demonstrated the lowest contact angle suggesting the most hydrophilic 

surface formed by all gel mixtures (37º). PVA99, PVAnb and Tw80 were 

relatively similar at 75º, 76º and 75º respectively. Whereas Kollicoat® 99 and 88 

blends were the next most hydrophilic with contact angles at 58º and 53º 

respectively. As would be expected the more hydrophobic PVA’s had a greater 

surfactant-like effect and therefore a greater reduction in contact angle compared 

to similar molecular weight PVAs. 
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Figure 3.6. Contact angle measurements of dry gelled collagen films.  

The effect of additive on surface hydrophilicity/hydrophobicity (surface wettability) 

was investigated through contact angle calculations.   Variants were prepared as 

described in the materials and methods. Panel (A) photomicrograph images of a 

single water drop on the collagen scaffold surface. Panel (B) calculated contact 

angle of scaffold variants. Statistical significance of p<0.05 was found between 

all treatments, with the exception of K88, k99, tritonx100 as denoted by the bar 

“b”. Statistical significance between the “b” group and all other treatments was 

observed.  
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Figure 3.7. Cell viability and migration in collagen scaffold variants.  

Panel (A) viability of primary fibroblasts cultured in collagen scaffold variants 

following 24 hours. Live/Dead ratios were utilized to calculate the percent of 

viable cells, using 70% ethanol as a dead control. Panel (B) 4mm punches were 

made in scaffolds and then refilled with an acellular scaffold variant. Cells were 

counted as they migrated from the old scaffold into the new scaffold over a 

period of 10 days. Cell numbers represent the total number of cells counted per 

scaffold variant at the denoted time point.  
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3.3.4 Cell viability and cell migration 
Cells cultured in gel-mixture variants were cultured for 24 hours within scaffolds 

prior to staining. All scaffold variants were found to be non-toxic in vitro (Figure 

3.7). Similar fibroblast populated collagen lattices were created to evaluate the 

migration. A punch biopsy was taken from the center of the scaffold and then 

filled with a matched acellular gel. There was no significant difference in cellular 

migration among all the scaffolds, with exception of the uncrosslinked, 

collagen:GAG scaffolds which exhibited the highest rate of cellular migration over 

a ten day period (Figure 3.7.B). On day 10, significantly more migrated cells were 

found in the k99 and xcol variants compared to PVA50/50 (Figure 3.7.B). 
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Figure 3.7. Fibroblast morphology and scaffold architecture in collagen 
variants. 

Panel (A) depicts F-actin staining (green) of primary fibroblasts cultured in thin 

100um scaffold variants. Nuclear stain (red) and scale bar (white) 100um. Panel 

(B) Scanning electron micrographs of freeze-dried collagen scaffold variants: 

xCol% K99% TritonX100% Tw80%Col%

A%

B%

Col$
Col$

xCol$

Tw80$

K99$
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(col) collagen, (xcol) crosslinked collagen scaffold without additives, (Tw80) 

crosslinked collagen scaffold with tween 80 additive, and (K99) crosslinked 

collagen scaffold with kollicoat/PVA99 additive. Left panel scale bar: 100um and 

right panel scale bar: 20um).  

3.3.5 Fibroblast morphology and scaffold architecture 
Figure 3.7 depicts the morphology of fibroblasts cultured within five different 

scaffold variants. As found in our earlier work, cells cultured within an 

uncrosslinked collagen scaffold exhibit extensive spreading of lamellopodia and 

filopodia extensions, which is evident in panel (A) of stress fiber formation 

(filamentous actin) with phalloidin-488 stain (118, 119). Notable parallel fiber 

arrangement and reduced dendritic appearance, consistent with fewer filopodia, 

was observed fibroblasts cultured within a scaffold variant that contained a 

50%wt Kollicoat®/ 50%wt PVA99 hydrogel (0.4%wt). Surfactant containing 

scaffolds exhibited a dendritic-like appearance with narrow filopodia-like 

extensions, and smaller cell bodies that are suggestive of cell stress and possible 

poor adhesion (Figure 3.7, Panel A) even though the cells remain viable (Figure 

3.6). Scanning electron microscope cross-sectional images (Panel B) 

recapitulated our findings in the previous work, whereby larger, more irregular 

pores between collagen fibers are evident in the non-crosslinked scaffold (col) 

compared to other crosslinked scaffold variants. Interestingly surfactant 

treatment of collagen scaffolds with tween80 (tw80) resulted in a dense network 

of collagen fibers, with a smaller pore and a more tortuous void-path through the 

scaffold than any of the other scaffolds. The K99 scaffold demonstrated a similar 

film like appearance to what we have observed previously, where by the thin 

surface coatings of the fibers are evident by the lack of electron-beam 

penetration at high (2500x) magnification.   
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3.4 Discussion 
Scaffold fabrication is core facet of tissue engineering. Modalities moving toward 

cell transplantation have prompted the demand for soft-materials that can 

conform to surrounding tissues, and exhibit tissue specific mechanical properties 

(strength, viscosity, elasticity, etc.) and physical characteristics (pore size, 

surface chemistry, gel transition temperature) (40, 54, 62, 120-122). Synthetic 

biocompatible polymers or modified biomaterials are often chosen for the 

creation of injectable scaffolds and hydrogels. Although type I collagen can also 

be used as an injectable material, it’s gelation temperature (and time) retard its 

utility as an in situ forming scaffold. To circumvent this issue, it can be chemically 

modified through crosslinking in order to create a more viscous material that 

would also avoid rapid degradation because of the chemical crosslinks. 

Excellagen® and Integra® flowable are two currently marketed injectable 

products for use as a dermal filler and wound healing modality respectively (15, 

18, 123). Both Excellagen and Integra® flowable are new to the market, yet as 

soft materials are unable to form intact solid scaffolds (gels) in situ. Furthermore, 

most collagen scaffold preparation for tissue engineering research and clinical, 

first requires neutralization of a collagen solution prior to use. The utility of a 

reconstitutable collagen scaffold, as opposed to a gel-slurry, is that aside from 

forming in situ it would also have similar mechanical properties to preformed solid 

scaffolds, such as holding sutures or serving as an interface between an implant 

and tissue. Examples of the clinical utility of our reconstitutable system are 

shown in Figure 3.9.  
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Figure 3.9. Utility of lyophilized (freeze-dried) collagen scaffold.  

Panel (A) photomicrograph of K99 scaffolds reconstituted (left to right) with 

distilled and deionized water, serum, whole blood, and non-reconstituted powder. 

Panel (B) reconstituted k99 scaffold contained within a 16G BD® IV catheter. 

Panel (C) depicts the ability to suture a gelled, reconstituted k99 scaffold. 

 

 

As shown in Figure 3.3 the addition of PVA to a crosslinked collagen:GAG gel-

mixture significantly reduced the activation required to form fibrils and an intact 
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scaffold, without actually modifying the collagen itself. PVA-PEG (Kollicoat®) is a 

biocompatible synthetic biopolymer that is an accepted pharmaceutical 

component under most jurisdictions worldwide. In the paint and plastics industry, 

PVA is added as a surfactant and in the presence of borates (tackifying agent) 

the polymer chains can be ionically crosslinked, facilitating extensive hydrogen 

bonding (62, 67, 70, 71). Freeze-thaw cycling of the polymer, without crosslinker 

has been shown previously to produce robust cryogels (124). In vitro, 

biocompatibility data (Figure 3.7) demonstrated that none of the PVA variants 

examined were toxic to cells. Previous reports describe the lack of cell adhesion 

to PVA coated surfaces, and the differences in cell morphology among the 

variants may be due to the coatings that PVA make on the collagen fibers and 

fibrils.  Although, higher concentrations may prove to be toxic they are outside 

the workable range, as at concentrations exceeding 1.0%w/v the gel-mixtures 

become too viscous to ensure homogeneity. Previous reports have demonstrated 

that surfactants could alter the kinetics of collagen gel formation (64, 117). It was 

postulated that the enhancement of fibrillogenesis was due to the surfactant de-

stabilization of the collagen. The observed effects of the surfactants are similar to 

what was achieved using our PVA variants, and as such we further investigated 

the incorporation of biocompatible nonionic surfactants Tween 20, Tween 80 and 

Triton-x100 at their CMC. Interestingly, the surfactants did reduce the overall 

time to gelation without compromising cell viability, but had no overall 

improvement in gelation rate, mechanical strength and change in activation 

energy. Of the PVA variants, the best gel-mixture consisted of a combination of 

48% PVA 99 and 48% Kollicoat® and 2% glycerol. The second best variant 

overall was the Kollicoat® mixture containing PVA 88 over PVA 99. As expected 

the surfactants and more hydrophobic PVA’s provided the greatest improvement 

in surface wettability, with the exception of the crosslinked only gel-mixtures, 

which were unexpectedly the most hydrophilic Figure 3.5. The improved 

wettability of the scaffold surfaces compared to the uncrosslinked collagen 

scaffold could, in part, be related to the observed improvements in cellular 

morphology and migration (125-129). Furthermore the changes in surface 
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wettability are indicative of the coatings that the polymer variants are forming on 

the collagen scaffold architecture. As with pore sizes and mechanical stiffness, 

hydrophilic and hydrophobic effects have been shown to influence cell physiology 

in vitro. Optimization of the surface characteristics has been shown to reduce 

protein deposition and aggregation and alter cell attachment and expression of 

adhesion molecules. Given the amphipathic nature of PVA and to a greater 

extent, PVA-PEG, it is possible that the surface modification of the collagen 

scaffold provides adequate adhesion sites, as is achieved in vivo through 

proteoglycan interactions with collagens. For example heparin sulfates and other 

glycosaminoglycans have also been known to change the surface of collagen 

scaffolds, but unlike PVA they are also implicated in signaling cascades through 

receptor-ligand interactions (33, 44, 48). 

 

3.5 Conclusion 
Type I collagen is one of the most widely used biomaterials in tissue engineering 

but its use has primarily been limited to the fabrication of pre-formed solid 

materials and weak injectable gels rather than used as a material that could form 

solid structures in vivo. Herein we investigated the use of polymer variants of 

PVA that have surfactant-like effects and have shown that collagen could be 

destabilized in order to form a gel with reduced activation energy while 

maintaining its mechanical properties. Taking our approach one step further we 

were able to demonstrate that PVA could stabilize lyophilized collagen gel-

mixtures (in powder form) in order to improve the handling and storage. With 

great advancements being made in bioprinting, tissue-bioreactors, and cell 

transplantation there is a large unmet need to in-situ forming scaffolds of 

biological origin. As collagen is the most abundant protein in the body, by weight, 

we are hopeful that the use of our hybrid (PVA-PEG)-collagen blends could offer 

a simple, cost effective solution for tissue repair and regeneration.  
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4 An in-situ forming skin substitute improves healing outcome in a 
hypertrophic scar model 

4.1 Introduction 
Wound healing is a complex and dynamic process, whereby skin cells 

orchestrate cell-cell communication in order to repair injured tissue. Use of 

engineered skin substitutes is intended to foster timely and normal healing. 

Unfortunately, not all wounds undergo organized healing and are often stuck in a 

non- or over healing phase (11, 12, 17, 34). Many diabetic and severe burn 

patients lack adequate donor sites to use for autografts. The need for a patient 

ready integratable skin substitute is underscored by the roughly 20 million 

diabetic ulcer patients each year in North America, many of which end up 

requiring amputation, and an excess of 400,000 hospitalized burn patients who 

desperately require a means of tissue repair (18, 130, 131). The medical device 

field has exploded with biological and tissue engineered products for advanced 

wound care (15, 18, 132, 133). Some of these commercially available products 

include biologics and biologic-hybrids such as bi-layered allografts and acellular 

scaffolds. As with any product, continuous development seeks to improve 

caveats that exist with current wound care modalities. For example, cost and 

supply chain logistics have retarded the economic advancement of many 

advanced wound care devices (15, 130). Secondly, allogeneic cellular scaffolds 

can elicit an immune rejection response that, albeit are often unpronounced, may 

further complicate healing (133, 134). In spite of these hurdles, the success of 

allo/xenogenic-tissue substitutes remains an ongoing discussion.  

Many scaffolds that are currently used are pre-formed, solid materials. These 

scaffolds, including autografts, are unable to immediately integrate with the 

uneven surface of a wound bed. Without sufficient integration there is a risk of 

graft loss.  

 

Hydrogels can be integratable, but are often created using components such as 

alginates, p-HEMA, chitosan and in some cases macro-sphere fillers (24-26, 121, 

135, 136). The downside to many of injectable scaffolds is the poor mechanical 
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strength in comparison to solid structures. Ideally the interface between the 

scaffold and the wound bed should be seamless and therein promote vascular 

perfusion and innervation. We have previously proposed an in situ forming 

collagen-scaffold that, as an intact-scaffold sheet, can serve as a hydrated skin 

substitute. In combination with cells, this scaffold can also serve as an easily 

prepared, patient ready skin substitute for burns and chronic wounds (62). Earlier 

data, have demonstrated that Indoleamine 2,3-dioxygenase (IDO) expressing 

cells could protect xeno/allotransplants from T-cell mediated rejection (34, 37, 

137, 138) but require lengthy preparation time (>2 weeks) to create a skin 

substitute.    We have also demonstrated that a polyvinyl alcohol (PVA)-hydrogel 

system could be combined with a collagen-GAG network to produce a rapidly 

gelling matrix that exhibited superior mechanical and biological properties to 

traditional collagen based materials in vitro (62). In this study we present the 

results of a biohybrid hydrogel-collagen-GAG system that is able to rapidly 

transition from a viscous liquid into a solid scaffold within the wound. One primary 

objective of this study was to evaluate the effectiveness of this system to 

adequately form within the wound, in the presence of biological fluids, and 

integrate with surrounding tissue. Working toward the application of a patient-

ready skin substitute this study demonstrates the functionality and feasibility of 

an in situ forming hydrogel collagen-GAG scaffold to be combined with IDO-

expressing cells to thereby improve healing outcome in a hypertrophic animal 

model. 

 

4.2 Materials and methods 

4.2.1 Cell isolation and culture 
In accordance with the human ethics policy at the University of British Columbia 

primary fibroblasts were isolated from the discarded foreskins of three-

consenting donors. Likewise, primary hypertrophic scar fibroblasts were isolated 

from the skin of three-consenting donors (1 child (<18 years) and 2 adults (≥18 

years)) that was discarded following surgical procedures. Skin specimens were 
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briefly washed several times with 1x Phosphate Buffered Saline (PBS) (pH 7), 

containing 1% antibiotic, minced into small pieces and then fixated with Fetal 

Bovine Serum (FBS) for 4 hours on a tissue culture plate. After 6 hours, one drop 

of 1x Dulbecco’s Modified Essential Medium (DMEM) containing 10% FBS and 

1% antibiotic was added to the FBS drops over night. The next day DMEM was 

used to cover fixated skin section in the dish. Skin pieces were maintained in 

culture until fibroblasts reached 60% confluency, after which cells were 

trypsinized and passaged as per previous studies (34, 37, 139). Fibroblast 

passages 6-7 were used for experimentation. 

 

4.2.2 Preparation of IDO expressing cells 
Dermal fibroblasts were stably transduced to over-express IDO using a 

recombinant lentivirial vector constructed by our group as performed previously 

(34, 37, 139) with modifications using a blasticidin selection gene. Infected IDO 

expressing cell population was then enriched through blasticidin addition (8ug/ml) 

to the media following exposure and washout of live virus. IDO expression in 

transduced fibroblasts was confirmed through PCR of hIDO mRNA (Fig 1.A) run 

on a 1% agarose gel. Primer sequences are shown in Table 1. Expression of 

functional IDO was confirmed by measuring kynurenine levels in the conditioned 

media (Figure 4.8).  

Table 4.1. Primer sequences for IDO, MMP1, and Col-1alpha. 
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4.2.3 Scaffold preparation 
Crosslinked collagen-GAG scaffolds were prepared as described previously (62, 

140). Briefly, Type 1 bovine collagen (Advanced Biomatrix, USA) and 

chondroitin-6-sulfate (Sigma Aldrich, CAN) were combined (1:6 w/w ratio) to a 

final concentration of 3mg/ml collagen and neutralized with DMEM and 1N 

NaOH. Glutaraldehyde (0.02%v/v; Sigma Aldrich, Mississauga, CAN) was used 

to crosslink the collagen for 1 hour on ice in the dark. Following crosslinking, 

glycine was used to de-activate residual aldehydes. Following washing, 

hydrogels comprising of polyvinyl-alcohol (PVA) (50:50/ 208,000 MW and 

146,000 MW) (0.2%w/v; Sigma Aldrich, CAN), sodium borate decahydrate 

(0.05%w/v; Sigma Aldrich) and ascorbate (pH 7, 100uM; Sigma Aldrich) were 

added to the crosslinked collagen in order to fabricate in-situ forming scaffolds. 

All scaffolds were maintained at 4ºC in liquid form until used for evaluation.  

 

4.2.4 Cell viability and morphology 
The viability of cells cultured within the scaffolds was examined using calcein AM 

and ethidium homodimer as described previously (62, 140). Briefly, cells within 

scaffolds were washed with 1xPBS and then exposed to calcein AM (1ul/ml) and 

ethidium homodimer (4ul/ml) and incubated for 30 min. Following incubation 

scaffolds were washed again with 1xPBS and then visualized and counted for 

live and dead cells using Image J (NIH software, USA).  Grey-scale, phase 

contrast images of cell morphology were taken 24 hours following gelation. All 

cell images were captured using a Zeiss Axiovert microscope and Axiovision 4.8 

software.  

 

4.2.5 Scaffold contracture 
Human fibroblasts from normal (NF) and hypertrophic scar tissues (HSC) were 

cultured within either collagen scaffolds without hydrogel (Col) or in-situ forming 

scaffolds (IPN) which were prepared as described previously (62). Cell media 
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(DMEM containing 10x FBS and 1x antibiotics) was changed daily. Fibroblast 

populated scaffolds (400µl volume with 250,000 cells/ml) were released from the 

plate walls 24 hours after gelation (on day 0) and allowed to float. Images were 

taken upon release and on days 1, 3, 5 and 7 using a Sony digital camera at a 

consistent range. Scaffold size was measured using Image J (NIH software, 

USA). 

 

4.2.6 Animal model 
All animal models were employed in accordance with protocols approved by the 

University of British Columbia and the Canadian Guidelines on Animal Care. 

Aseptic surgical techniques were used for all procedures. As a standard model of 

scar hypertrophy, four New Zealand white rabbits (~3kg) were used to investigate 

the utility of the in-situ forming scaffolds to be employed as skin substitutes as 

previously published (34, 141-143). Animals were anesthetized using ketamine 

(NMDA agonist)/xylazine (α2 agonist) induction and isoflurane maintenance. 

Meloxicam (Non Steroidal Anti-Inflammatory Drug) (0.3 mg/Kg) prophylaxis was 

used as an analgesic. Four 6mm full thickness punch wounds were created on 

the dorsal surface of both ears and randomized by location. Groups and wound 

numbers were as follows: (8) untreated control (Con); (8) acellular in-situ forming 

scaffolds (Gel); (8) in situ forming scaffolds containing normal human fibroblasts 

(GelF); and, (8) in situ forming scaffolds containing normal human IDO-

expressing fibroblasts (Gel IDOF). Cells were combined with scaffolds (pre-

gelation) at a concentration of 500,000 cells per ml. Scaffolds were maintained in 

a liquid form on ice prior to creation of the wounds. Once wounds were formed, 

gels were aspirated within a 16G catheter and warmed for 5 minutes on a 

heating blanket prior to injecting onto the wound. Wounds were covered using 

Steri-Strips™ (3M Healthcare, Canada) and Tegaderm™ (3M Healthcare, 

Canada) occlusive dressing. Rabbits were inoculated with additional in situ 

forming scaffolds (once daily) for up to four days following wounding using a 16G 

catheter to overcome thinning of the scaffold that occurred following gelation. 

The catheter was placed within the Tegaderm™ dressing and subsequently 
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closed thereafter upon covering. Rabbits were evaluated over a 35-day period to 

assess scarring and healing outcome.   

 

4.2.7 Healing outcome- scar elevation index, epidermal thickness  & 
cellularity 

Quality of wound healing can be measured in a number of ways, three of which 

are the scar elevation index (SEI), epidermal thickness (ET) and cellularity (34, 

141-143). The SEI can easily be calculated using equation [4.1] as a measure of 

the ratio in epidermal and dermal thickness of the wounded area relative to that 

of the adjacent normal skin. Dermal and epidermal thicknesses are secondary 

markers of scarring and calculated as the average pixel thickness across the 

neo-tissue. Thickened dermis and/or epidermis are often observed in 

hypertrophic scars and keloids, with a marked abundance of collagen 

deposition.. Healing rate was assessed qualitatively on day 20, once wounds had 

begun to epithelialize. Increased cellularity is a hallmark indicator of 

fibroproliferative disorders such as hypertrophy especially in its early stages, and 

is easily quantified as cells/high powered field (hpf) using Image J (NIH software, 

USA).  

 

[4.1] SEI = Cross Sectional Area of Healed Dermis/ Original Cross Sectional 

Dermal Area 

 

4.2.8 Collagen staining, MMP-1 and collagen expression  
In order to determine the abundance of collagen deposition, paraffin embedded 

sections were de-waxed and stained for collagen with Masson’s Trichrome as 

described previously (142). Masson Trichrome contains four stains: (1) Weigert’s 

Hematoxylin (ferric chloride in diluted hydrocholoric acid, hematoxylin in 95% 

ethanol and potassium ferricyanide solution, alkalized by sodium borate; (2) 

Biebrich scarlet, glacial acetic acid, and distilled water; (3) phosphomolybdic acid 

in distilled water; and (4) Methyl blue. Staining colours are as follows: keratin and 
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muscle fibers stained red, collagen fibers are stained blue, cell cytoplasm and 

nuclei are stained light pink and dark brown. Total RNA was extracted from scar 

tissue using Trizol reagent according to the manufacturer's instructions 

(Invitrogen, Carlsbad CA, USA). Following DNase treatment and cDNA 

synthesis, gene expression of MMP1 and pro-alpha-1- collagen (col1a1) was 

determined using q-PCR (AB Biosystems, USA). Primers, described in Table 1, 

were designed and purchased from Invitrogen (Burlington, Canada). β-actin was 

used as the reference gene.   

 

4.2.9 Immunofluorescence staining CD31, CD3 and PGP 9.5 
Tissues were fixed in 10% formalin at room temperature and then embedded in 

paraffin followed by sectioning into 5um sections. Embedded sections were then 

stained using both immunohistochemical and immunfluorescence techniques. 

Antigen retrieval was carried out in sodium citrate buffer (pH 6.0). Tissue was 

first incubated with blocking buffer (5% Goat Serum/5% Albumin in 1x PBS (pH 

7)) for 1h and 2h for anti-CD3 (using 5% horse serum) at room temperature. 

Tissue sections were then incubated with primary anti-bodies CD31 (1:50) (Santa 

Cruz, USA), CD3 (1:50) and PGP 9.5 (1:25) (Abcam Inc., Cambridge, MA) 

overnight at 4ºC.  All sections were incubated with secondary antibody at room 

temperature (Alexa-fluor 488 anti-rabbit 1:2000, Alexa-fluor 568 anti-goat 1:1000 

(Invitrogen, Carlsbad, CA, USA)). 4'-6-Diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Inc., Burlingame, CA, USA) was used as a counter stain. Sections 

were viewed using a Zeiss Axiovert microscope and Axiovision 4.8 software. 

Image analysis was conducted using Image J (NIH software, USA).  

 

4.2.10 Statistics 
All histological and in vitro experiments were performed in triplicate (n=3). Wound 

analysis consisted of 8 wounds per group (n=8), with the exception of the mRNA 

analysis (n=4). One-way ANOVA with Tukey post-hoc analysis was employed to 
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determine statistical significance. Standard deviation is represented in graphs 

and tables, and significance is indicated with an asterisk with an alpha of 0.05. 
 

4.3 Results 

4.3.1 IDO expression, skin cell viability and morphology within in-situ 
forming scaffolds 

Validation of IDO expression and activity was confirmed through detection of 

hIDO mRNA in transfected fibroblasts (Figure 1.A) in conjunction with 

measurement of increasing concentrations of kynurenine in the culture media 

(S1.B). Primary human fibroblasts cultured on both plastic and in the in situ 

forming scaffolds were examined for viability 24 hours following gelation. Using 

calcein AM and ethidium homodimer as makers of viability it was found that cells 

remained similarly viable in all systems as found previously (62, 140) (Figure 

1.B).  
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Figure 4.1. Biocompatibility and functional evaluation of scaffolds in-vitro.  

(A) Validation of hIDO expression in human fibroblasts transfected with IDO 

using a lentiviral vector system driven by ef1α as previously published (139). 

Detection of hIDO mRNA in transduced fibroblasts (IDOF) by PCR. No mRNA 

expression of hIDO was detected in non-transfected cells (Fib). (B) Viability of 

primary fibroblasts and IDO cultured in scaffolds: collagen (collagen+GAG), 

crosslinked (glutaraldehyde crosslinked collagen+GAG) and IPN (glutaraldehyde 
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crosslinked collagen+GAG+hydrogel) (n=3; p>0.05) (C) Graphical representation 

of free-floating scaffold resistance to contraction over a 7 day period. Fibroblasts 

derived from normal (NF) and hypertrophic (HSC) tissues were cultured in either 

standard collagen-GAG scaffolds (Col) or in-situ forming scaffolds (IPN) and 

observed for contracture over a 7-day period (n=3; p<0.05). (D) Photographic of 

representation of free-floating scaffolds. (E) Inverted microscopic live cell imaging 

of fibroblasts cultured in scaffolds after 24 hours of incubation (scale bar=50µm). 

 

4.3.2 Free-floating scaffold resistance to contraction and cellular 
morphology 

Fibroblast populated free floating scaffolds (500,000 cells/ml) were created using 

the in situ forming scaffolds and a standard collagen-GAG scaffold similar 

formulation to our previous study (62). Four different scaffolds were fabricated to 

examine the efficacy of scaffolds to resist contraction of normal fibroblasts (NF) 

and hypertrophic scar fibroblasts (HSCF). Standard collagen-GAG scaffolds 

containing normal fibroblasts (NFCol) attained near maximum contraction (16% 

of original size) within the first 3 days (Figure 4.1.C-D), unlike the in situ forming 

scaffolds (NFIPN) that resisted contraction (within 85-98% of the original size) 

within the same period of time. As expected, all scaffolds contracted over the 

seven-day period, notwithstanding that the standard collagen-GAG scaffolds 

achieved an apparent plateau in contraction on, or nearest to the third day. In situ 

forming scaffolds significantly resisted contraction over the seven days compared 

to corresponding standard collagen-GAG scaffolds (82.8% ±0.01 v. 34.6% ±3.19 

and 66% ±11.4 v. 16% ±0.01 of the original size, respectively). Interestingly, 

normal fibroblasts were more contractive than fibroblasts derived from 

hypertrophic scars (16% ±0.01 vs. 32% ±3.19 of the original size) whereby the 

initial contraction by these cells was found to be the greatest within the first 3 

days. Cell morphology of cultured fibroblasts prior to scaffold release 

demonstrated cell spreading and attachment in both scaffolds with a marked 

reduction in refraction and an apparent difference in the morphology of cell 

extensions (Figure 4.1.E).  
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4.3.3 Application of the hydrogel scaffold and wound healing outcome 
Treated wounds received treatment with the in situ forming hydrogel collagen-

GAG scaffold and covered with Tegaderm™ (semi-occlusive, transparent film 

dressing) as shown in Figure 4.2.A. All wounds healed within the 35-day 

investigational period. Scaffolds containing xenofibroblasts (GelF) and untreated 

wounds were among the final wounds to heal (Figure 4.2.B). Wounds treated 

with either acellular in situ forming scaffolds (Gel) or with in-situ forming scaffolds 

containing IDO expressing fibroblasts (Gel IDOF) exhibited earlier 

epithelialization and minimal erythema on the margins. Untreated and GelF 

treated wounds presented a scab and raised scar or cyst-like structure that was 

evident on day 20, which further resulted in a thick-to-the-touch, raised scar on 

day 35 of the study.  All Gel or Gel IDOF treated wounds had completed healing 

(free of scab) by day 20 without the formation of a raised scar or cyst-like 

structure (Figure 4.2.B).  

 

Histological hallmarks of hypertrophic scars are a thickened epithelium, rete 

ridges in the epidermis, dense collagen bundle formations in the dermis, low 

levels of matrix metalloproteinase-1 (MMP-1), increased and disorganized 

collagen type I deposition and increased cellularity (34, 141).  Figure 4.3, (A-D) 

depicts a thickened epidermis and dermis in the untreated and GelF treated 

wounds compared to normal skin and that of either Gel or Gel IDOF groups. In 

the GelF group this may be as a result of allo-tissue incompatibility. Using the 

scar elevation index (SEI), epidermal (ET) and dermal thickness (DT) analysis, it 

was found that the application of Gel significantly reduces scarring in general 

compared to that of untreated and GelF treated wounds respectively, even in the 

presence of an occlusive dressing (Figure 4.3.A-D and Figure 4.4.A-B). The 

thickness of both epidermis and dermis was significantly lower in Gel (9.48±1.83 

and 0.93±0.15 pixels) and Gel IDOF (9.93±2.60 and 0.67±0.25 pixels) groups 

relative to untreated wounds (17.23±2.6 and 1.61±0.15 pixels) (Figure 4.2.A-B). 

Furthermore, Gel and Gel IDOF treated wounds resulted in relatively similar SEI 

(1.24 ±0.05 and 1.25 ±0.03). Interestingly, epidermal and dermal thicknesses 
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were relatively similar among Gel and Gel IDOF treated wounds (Figure 4.4.A). 

Cellularity, was also significantly lower in the Gel and Gel IDOF groups (124 ±21 

and 114 ±17 cells/hpf), and greatest in the control group (242 ±25 cells/hpf). 

Collagen bundle formations were absent in all Gel and Gel IDOF groups, and 

markedly higher in untreated wounds (Figure 4.3). GelF group displayed collagen 

bundle formation but to a lesser extent than untreated wounds.  Rete ridges were 

notable in both untreated and GelF groups (Figure 4.3.E-L). 

 

 
Figure 4.2. Macroscopic clinical evaluation of punch wounds in the rabbit 
ear.  

Abbreviations: Con- untreated wounds, Gel- acellular in situ forming hydrogel 

collagen-GAG scaffold, GelF- in situ forming scaffolds containing xenofibroblasts, 

and Gel IDOF- in situ forming scaffolds containing IDO expressing fibroblasts. (A) 
Top Panel: Photomicrograph depicting post-surgical punch wounds filled with a 

layer of in situ scaffolds (right side) and covered with Tegaderm™ following 

solidification. Lower Panel: Free-standing in-situ forming scaffolds following 

gelation in a culture dish at 37ºC for 15 minutes.  (B) Follow-up micrographs on 

post-surgical day 20 (upper panel) and day 35 (lower panel) demonstrating 

wound healing progression. 
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Figure 4.3. Histologic evaluation of hematoxylin and eosin stained sections 
of treated rabbit wounds on post surgical day 35.  

Abbreviations: Con- untreated wounds, Gel- acellular in situ forming scaffolds 

GelF- in situ forming scaffolds containing xenofibroblasts, and Gel IDOF- in situ 

forming scaffolds containing IDO expressing fibroblasts. Abbreviations in (E-H) 
denote histological features: lc- linear collagen banding, ca- cartilage (mature 

and immature), fn- fibrotic nodules, and rr- rete ridges. Scale bars represent 

200um (A-H) and 100um (I-L). Black boxes indicate the region represented in the 

corresponding lower panel higher magnification image. 
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Figure 4.4. Evaluation of healing outcome in rabbit ear treated wounds 
using Scar Elevation Index, epidermal and dermal thickness, and tissue 
cellularity.  

(A) Epidermal (open bars) and dermal (closed bars) thickness averages. Dermal 

thickness area scaled at 1:100000 pixels and epidermal thickness as linear pixels 

averages of the treated wound area. (B) Scar elevation index, represented as the 

ratio of the total hypertrophic tissue relative to the normal tissue area. (C) 

Cellularity of H&E stained tissue sections. (n=8; p<0.05). 
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4.3.4 Matrix deposition and expression of matrix metalloproteinase-1 
(MMP-1) and collagen type 1 

Collagen deposition was evaluated using Masson’s trichrome staining (Figure 

4.5.A). As expected the raised scar structures of the untreated and GelF groups 

corresponded with a greater amount of disorganized collagen deposition. Gel 

and Gel IDOF treated wounds demonstrated predominantly a parallel matrix 

organization that was contiguous with neighbouring unwounded tissue. At the 

mRNA level, untreated wounds expressed increased tissue levels of pro-alpha-1 

collagen and low levels of MMP-1  (25.30 ±3.22 and 3.53 ±0.73 fold 

respectively), the primary collagen-remodeling enzyme (Figure 5.B-C). Wounds 

treated with Gel and Gel IDOF exhibited a significantly lower amount of tissue 

pro-alpha-1 collagen expression (9.57 ±3.1 and 10.23 ±1.95 fold respectively; 

p<0.05) compared to all other treatments on day 35 post-wounding. When 

compared to the untreated group, Gel treated wounds alone did not significantly 

alter the MMP-1 expression (1.28 ±0.6 v. 0.58  ±0.21 fold), however Gel IDOF 

treated wounds exhibited a significant 16-fold increase in tissue MMP-1 

expression when compared to normal skin and all other treatments.  Reduced 

expression of pro-alpha-1-collagen in the Gel treatment group corresponded with 

a decreased collagen type I deposition within the wound site and the absence of 

scarring. 
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Figure 4.5. Collagen staining and gene expression of collagen and MMP-1 
in treated rabbit wounds.  

(A) Masson-trichrome staining of collagen in wounded tissue sections on day 35. 

Scale bar represents 400µm and 20µm for top and bottom panels respectively. 

(B) mRNA expression of pro-alpha 1 Collagen in treated rabbit ear tissue. (C) 
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mRNA expression of MMP-1 in treated rabbit ear tissue. All mRNA expression is 

expressed as a fold change in beta-actin and normalized to uninjured tissue. β-

actin was used as a reference gene. (n=8; p<0.05) 

 

4.3.5 CD3+ T-cells post wound healing 
It is well known that localized IDO activity can prevent T-lymphocyte infiltration 

and proliferation (34, 37, 137).  T-cell infiltration and persistence in healed 

wounds was evaluated by immunofluorescence staining using a rabbit 

monoclonal anti-CD3+ pan T-cell marker. Gel IDOF treated wounds 

demonstrated significantly reduced, if not entirely absent, infiltrated immune cells 

evaluated on day 35 compared to both untreated and GelF treated wounds (4 ±2 

v. 8 ±3 and 14 ±4 cells per high powered field respectively; Figure 4.6.A and C). 

Likewise, wounds treated with Gel alone exhibited relatively fewer CD3+ cells on 

day 35 compared to the untreated wounds, however this difference was not 

significant (8±3 v. 5±2 p>0.05). GelF treated wounds were heavily infiltrated with 

CD3+ cells, this may explain the increased cellularity found in these samples 

(Figure 4.3.D-L) and the number of these cells was significantly greater than the 

untreated wounds. Functional IDO expression was confirmed through kynurenine 

production within the Gel IDOF scaffold cultured in vitro. Gel IDOF scaffolds 

sustained IDO production throughout the experiment and were able to produce 

sufficient kynurenine concentrations (15-20 µg/ml) (Figure 4.8.B), as per previous 

studies in this range (34, 37).  
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Figure 4.6. CD3+ lymphocyte and CD31+ (platelet cell adhesion molecule) 
marked vessel formation in treated rabbit tissue.  

(A/C) Photomicrographs and corresponding quantification of CD3+ lymphocyte 

(pan-lymphocyte marker) infiltration into the wounded area represented as the 
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number of cells per high-powered field as denoted by white arrows (n=8). (B/D) 

Photomicrographs and corresponding quantification of vessel formation within 

the treated wounds. (n=8; p<0.05) (scale bars represent 50µm) 
 

4.3.6 CD31+ immunostaining and vessel-like structures within healed 
wounds 

Perfusion of a tissue or graft through angiogenesis is essential for oxygenation 

and nutrient flow (144, 145). Vessel formation was identified with 

immunofluorescence staining of CD31 (a specific endothelial cell marker) and 

confirming both cellular organization and structure (Figure 4.6.B). The CD31 and 

vessel architecture was significantly higher in the Gel and Gel IDOF treatment 

groups compared to the other treatments (4±1 and 6±1 vessels respectively per 

hpf, p<0.05; Figure 4.6.D).  
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Figure 4.7. Distribution and quantification of cutaneous neoinnervation 
within the treated wound tissues 35 days post-surgery.  

(A) Photomicrograph representation of panaxonal marker PGP 9.5, ubiquitin 

carboxy terminal hydrolase1) (red) in tissue sections display peripheral nerve 
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fiber formation. White boxes correspond to the lower panel images representing 

staining specificity. (B) Quantification of fiber density is represented by number of 

immunopositive fibers per high-powered field (n=8, p<0.05) Scale bar= 100µm. 

 

4.3.7 Cutaneous innervation 
Rabbit tissue from Day 35 was stained for PGP 9.5 (ubiquitin hydrolase), a 

panaxonal marker for ganglia and nerve sheath development and standard 

marker for intra-epidermal nerve fibers, including Langherans cells (146).All 

wounds treated with the Gel exhibited structural formation of innervated fiber-like 

structures within the neo-dermis (Figure 4.7.A-B). This was matched with both 

appendages and vascular structures that typically are associated with innervated 

structures. Gel and Gel IDOF treated wounds demonstrated significantly more 

innervation (26±6 and 36±6 immunoreactive fibers (IRF)/high power field (hpf)) 

than other treatments (Con 12±5 and GelF 14±3 IRF/hpf) and resembled that of 

normal skin (28±4 IRF/hpf). Gel alone was found to have a greater number of 

innervated structures than the GelF treated wounds and more closely reflects un-

wounded skin.  
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Figure 4.8. Validation of IDO expression in transplanted fibroblasts.  

(A) Detection of kynurenine in cell media of transfected fibroblasts. (B) 

Immunostaining of IDO in treated rabbit wounds of Gel IDOF administered 

scaffolds. Anti-human IDO (1:500/ incubation overnight at 4ºC) (Abcam, USA) 

and Vector ‘ABC’ biotinylated polyclonal antibody (45 min at RT) (Vector Labs, 
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Canada) was used to detect IDO in tissue sections in conjunction with a 1,2-

Diacetylbenzene chromophore (DAB). 

 

 

4.4 Discussion 
Wound healing requires a lengthy orchestrated sequence of biological events 

and any deviation in this process results in either over-healing or lack thereof. In 

this study we sought improve wound healing outcome by the application of a 

novel hydrogel-collagen scaffold that can be used to fabricate a skin substitute 

in-situ and integrate with all aspects of the wound bed. In principle, this solution 

seeks to also circumvent several issues with current solid scaffolds and 

engineered skin substitutes (15, 122, 130, 132, 133). It is well known that timely 

biological wound coverage has a direct impact on healing outcome. Wounds that 

remain open for greater than 21 days are likely to result in hypertrophy and 

excessive scarring, in addition to becoming susceptible to infection, water and 

heat loss (12, 130, 147). In our previous works we have demonstrated the benefit 

of using an Indoleamine 2,3 dioxygenase (IDO) expressing fibroblast as an 

allo/xeno-transplant that will be tolerated by the recipient (34, 37, 81). In the 

present study we constructed a skin substitute in-situ, with and without IDO 

expressing fibroblasts, which conferred greater feasibility for clinical application 

over previous works. Through the combination of a partially crosslinked hydrogel-

collagen biohybrid system we are able to rapidly decrease the gelation time of 

the scaffold. Consistent with our previous work, the addition of a PVA hydrogel to 

the collagen network lends it self to produce a tacky rapidly forming scaffold that 

is easily applied to the wound bed without compromising cell viability (Figure 

4.1.B & 4.8.a) (62, 140). It was previously demonstrated that PVA-hydrogel 

addition to the collagen composite produces a tacky scaffold, improves the 

gelation rate and mechanical stiffness (62) similarly to chondroitin-6-sulfate (33), 

which we found to be optimal for surgical application. The utility of this hydrogel 

blend is currently being explored to understand the molecular interactions that 

are provisional for the rapid gelation of the bio-hybrid system. Unlike other 
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animals, rabbit ear skin heals through secondary intention (similar to humans), as 

opposed to contracture due to the lack of the panniculus carnosus. If the dermis 

is not replaced in a timely manner, by engraftment or skin substitute, hypertrophy 

occurs likely due to the slow epithelialization process and prolonged 

fibroproliferative period (17). Application of the Gel, alone, significantly reduced 

scar formation resulting in a neodermis within which adjacent cells could infiltrate. 

In order to fabricate a patient-ready skin substitute we investigated the 

application of the in situ forming scaffold comprising IDO-expressing fibroblasts. 

In practice, our method could employ the use of harvested autologous cells (i.e. 

skin or adipose derived) as opposed allogeneic and/or transduced cells. The 

utility of the scaffold as a cell delivery vehicle markedly reduced the days 

required for the fabrication of a fibroblast-populated scaffold (typically 7-14 days) 

using pre-formed solid scaffolds (34). Gel IDOF further improved the healing 

outcome through a reduction in SEI, ET, DT and cellularity when compared to 

GelF and untreated wounds. Notably the acellular in-situ forming hydrogel 

collagen-GAG scaffolds also provided significant improvements to wound healing 

outcome. Although acellular in situ forming scaffold is advantageous for the 

smaller acute wounds, the additional growth factor and immunomodulatory 

support from IDO expressing fibroblasts is opportune to improve healing outcome 

of the non-healing wounds or large burn wounds (12, 130, 148). 

 

IDO expressing fibroblasts were easily combined with the in situ forming scaffold 

in the surgical suite prior to applying it to the wound. As expected GelF elicited 

an inflammatory response, which likely further exacerbated the fibroproliferative 

response despite the presence of the in situ forming hydrogel collagen-GAG 

scaffold. Importantly, our results herein correspond with previous studies 

demonstrating the efficacy of IDO to protect allo/xenogenic grafts and reduce 

scarring (34, 37, 81), assuming that necessary steps are taken to mitigate risks 

of disease transmission. Earlier studies on the in-situ forming scaffold identified 

that cells cultured within the scaffolds would align in a parallel arrangement, 

possibly in-line with fibers (62).  The defined cellular organization did not occur 
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throughout the entirety of treated wounds, yet was prominent in the hypodermis 

and mid dermal sections closest to the cartilage (Figure 4.3.E-H).  Two reasons 

for the lack of cellular alignment throughout the dermis could be that: 1) during 

remodeling cells will alter the architecture of the dermis, or 2) that the scaffold is 

reduced to a thinner layer that is subsequently covered with an endogenous neo-

dermis. Although GelF became hypertrophic as expected, the extent of the 

hypertrophy appeared less than in our previous work using solid, pre-made skin 

substitutes (34). It is possible that because the number of transplanted cells, 

including the lack of highly antigenic keratinocytes is less than what was 

employed previously, the immune response is also reduced. This improved 

reduction in the infiltrated immune cell response would be similar to what we 

have observed through the use of the graft in islet transplantation models (81).  

 

Surgical engraftment of engineered skin and even acellular scaffolds is often 

burdened by the lack of vasculature in the graft and in the later stages, a 

restorative lack of functional innervation. For many patients impared re-

innervation within a healed wound site can lead to idiopathic hypersensitivity and 

itchiness (149).  It has been reported that neovascularization, which is only 

suggestive of a perfused tissue, can occur as early as 14 days following 

engraftment in human (144, 145). The application of a thin layer-by-layer scaffold 

may minimize hypoxia which has previously been shown to be detrimental for 

tissue reconstruction (145). As was demonstrated previously, IDO expression 

exhibited increased mature vessel formation compared to untreated and non-IDO 

expressing fibroblast engraftment (37, 150).  Similarly it was found that both Gel 

alone and Gel IDOF treated wounds exhibited a greater abundance of 

immunoreactive nerve fibers within the hypodermis. It is unclear what type of 

peripheral nerve fiber (i.e. efferent or afferent, and subtypes) has resulted and 

whether or not a functional nerve network will result; however the distribution of 

the fibers suggests that the outcome is similar to normal tissue. Although PGP 

9.5 is generally accepted as a neuronal-cell marker, it should be cautioned that 

recent evidence has discovered PGP 9.5 on other cell types (151). Further work 
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is warranted to investigate both neovascularization within early time points, 

modeling vascular perfusion, and long-term nerve functionality.  

 

Typically grafted wounds will exhibit contracture at the margins (11). In order to 

correlate our in vivo findings to human tissue, scaffolds containing both human 

scar derived fibroblasts and normal fibroblasts were evaluated for contractility. 

Results demonstrated that our in-situ forming scaffold could withstand the 

contractile tendency of normal and hypertrophic fibroblast. Although it is known 

that fibroblasts from hypertrophic scars exhibit different phenotypic 

characteristics than normal cells, it was not expected that within the free-floating 

scaffolds they would exhibit reduced contraction when compared to normal, 

neonatal foreskin fibroblasts. It is well known that fibroblasts from young patients 

exhibit a more proliferative and active cell type (fetal being the most active), 

which may in part explain why we observed greater contractility when using 

neonatal fibroblasts (152).  

 

4.5 Conclusion 
This study demonstrates for the first time the application of a non-rejectable, in 

situ forming scaffold for skin engineering. Our approach offers a promising 

practice to reduce the logistical and physiological hurdles that are associated 

with current modalities. The findings herein underscore the advantages and utility 

of our in-situ gelling scaffold to be used in conjunction with non-rejectable, IDO 

expressing cells in order to create a patient-ready skin substitute at the bedside.  
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5 Applications of a reconstitutable matrix for in-situ tissue engineering 
strategies and suggestions for future work4 

5.1 General discussion 
Tissue engineering has gained significant traction over the last decade with 

examples of skin allograft engineering, the first engineered trachea transplant, 

heart cell transplants and islet transplantation for type 1 diabetics, among many 

others (14, 18, 54, 81, 153). Previous chapters described the use of collagen gel-

mixtures comprising a PVA-based hydrogel that would in turn result in a solid, 

gel-like scaffold within minutes when heated to 37ºC. This scaffold has the added 

benefit that it can be reconstituted from a powder form with water, without 

neutralization or additional reagents. Comparatively, dermal fillers and injectable 

gels, often composed of crosslinked hyaluronic acid or collagen, can achieve 

similar results; however, unlike our collagen-PVA hybrid, they are unable to 

completely solidify into a form that resembles a pre-formed solid scaffold.  

 

The engineering of a tissue inside the human body (in situ) is not a novel 

concept. In situ-tissue engineering has largely been driven by cell transplantation 

methods.  Islet transplantation is a prime example of the potential success of cell 

transplantation. Aside from the immunosuppressant medications, one of the 

major pitfalls is the lack of matrix (scaffold) for the transplanted islets. Previously, 

we demonstrated that islets (a mass of cells) are more viable when cultured 

within the PVA-collagen biohybrid than when cultured on a plate surface, and 

even more viable when combined with fibroblasts (81, 140). The resulting 

composite scaffold in fact better resembles a pancreas than the injection of free-

islets into the portal vein. This strategy requires the islets to be transplanted 

within the collagen biohybrid scaffold and placed under the kidney capsule. Islets 

transplanted using the PVA-collagen biohybrid resembled that of normal 

                                            
4 As described in the Preface, a version of this work has been published in:140. Azadeh Hosseini-Tabatabaei RBJ, Ryan 

Hartwell, Sanam Salimi, Ruhangiz T. Kilani, Aziz Ghahary. Embedding Islet in a liquid scaffold increases islet viability and 

function. Canadian Journal of Diabetes. 2013;37 (1):27-35.  
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pancreatic islets 100 days post-transfection, whereas islets transplanted in a 

simple collagen gel did not.  

 

The same philosophy of using the reconstitutable biohybrid scaffold to create an 

ECM niche for islets within the body applies to other cell transplant modalities as 

well. The woundcare product Recell™ uses a simple trypsinization procedure to 

isolate cells from a punch biopsy of skin and create expansive wound coverage 

for burn patients. It has been well established that without the application of cells, 

a large surface area of skin cannot be repaired through the normal repair 

process; however, like free-islet transplantation, the cells are sprayed onto the 

wound without matrix. In this final chapter I conclude by describing the possible 

application of the reconstitutable system as a cell transplantation vehicle and the 

opportunity to advance other tissue engineering applications, modalities and 

research.  

 

5.2 Suggestions for future work 
This thesis has described a collagen-based matrix that, using simple processing 

techniques, can be combined with regulatory approved reagents to fabricate a 

reconstitutable scaffold system. The combination of collagen with PVA hydrogels, 

ideally PVA-PEG (Kollicoat®) produces a rapidly forming extracellular matrix that 

can be easily combined with cells to form a cell-populated skin substitute. As the 

lyophilized powder has already been neutralized it can easily be combined with 

water or other aqueous solvent, such as plasma, to produce a nutrient-tailored 

medium.  Although this thesis demonstrates a proof-of-principle, further work is 

required to fully appreciate the extent of which the technology can improve upon 

current wound care and tissue engineered modalities. The following underscore 

the areas with which further research is suggested: 

 

i. In Chapter 2, I evaluated the utility of combining PVA within collagen to 

improve mechanical characteristics and biocompatibility (with a wide 

range of cell types) of engineered skin. The study suggested that cell 
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morphology and organization more appropriately resembled that of normal 

tissue. As this was the initial proof of principle work, there is no suggested 

future work required. 

 

ii. In Chapter 3, I further evaluated the utility of PVA in the optimization of a 

fully reconstitutable scaffold system. In this Chapter I looked at PVA 

variants, such as PVA-PEG, and the ability of these agents to reduce the 

activation energy of type 1 bovine collagen in order to produce a rapidly 

gelling collagen scaffold. The idea of using PVA to improve the kinetics 

initially stemmed from 1) the surfactant nature of the polymer and 2) it’s 

thickening capabilities when combined with borates. It would be 

advantageous to investigate the mechanism in which PVA and other 

surfactant-like polymers interact with collagen in order to improve gelation 

rate, stability and cell morphology. This exploration could be useful toward 

understanding the cell-scaffold interface as it pertains to implants in 

general (i.e. breast and bone). Furthermore, it would be worthwhile to 

explore the use of other collagen sources, such as marine based 

biomaterials. 

 

iii. In Chapter 4, I further demonstrated the benefit of the biohybrid scaffold 

system as a means to generate in situ forming allogeneic scaffolds on full 

thickness fibrotic wounds.  The full thickness wounds in the rabbit ear 

become fibrotic due to the lack of muscle-driven contracture. As a result 

the wounds remain open for longer, similar to a chronic wound, yet 

develop a robust scar. Scar formation could be mitigated simply by 

application of the biohybrid. Currently chronic wounds, pressure ulcers 

and diabetic ulcers present the largest expenditure by wound type within 

wound care (14, 18). Further research is warranted to explore the use of 

this reconstitutable system in these wounds. The splinted wound model 

would be a good model to determine the utility of the scaffold under 

chronic, non-contractile healing conditions.  
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iv. Future work should focus on the fabrication of a low cost, patient ready 

skin substitute kit. The generation of a non-rejectable patient ready skin 

substitute kit could prevent scarring, preserve neighbouring tissue and 

promote recovery in patients burdened by complicated wounds. Here we 

propose the development of a skin substitute system that can be 

fabricated with or without cells at the bedside, fill a wound and completely 

integrate with the tissue surfaces. Future investigations should consider 

examining the combination of scaffold with platelet rich plasma (PRP) and 

adipocytes to determine if these classical modalities can be further 

enhanced.  Commercially available skin substitutes have offered a 

biological fix to complicated wounds, but have an array of pitfalls. These 

include cost, logistics and integration with the wound bed, otherwise 

known as graft-take. The technology described herein lends itself to a low 

cost manufacturing process (2-steps) and comprises low cost materials 

(collagen and simple polymers). The stability of the lyophilized powder is 

superior to hydrated materials, such as hydrogels and cellular skin 

substitutes, and the ability to reconstitute the powder into a scaffold that 

can mold to the wound site (with or without cells) confers greater utility 

over commercially available skin substitutes at present. Moving down the 

development pipeline we foresee that the addition of either autologous 

cells (using a punch biopsy or fat-cell harvest) or genetically modified non-

rejectable cells could render a cellular, patient ready skin substitute. The 

benefit is simple: accessible tissue replacement in minutes.  
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