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Abstract

Scaffolds have been broadly applied within tissue engineering and regenerative medicine to 

regenerate, replace, or augment diseased or damaged tissue. For a scaffold to perform optimally, 

several design considerations must be addressed, with an eye toward the eventual form, function, 

and tissue site. The chemical and mechanical properties of the scaffold must be tuned to optimize 

the interaction with cells and surrounding tissues. For complex tissue engineering, mass transport 

limitations, vascularization, and host tissue integration are important considerations. As the tissue 

architecture to be replaced becomes more complex and hierarchical, scaffold design must also 

match this complexity to recapitulate a functioning tissue. We outline these design constraints and 

highlight creative and emerging strategies to overcome limitations and modulate scaffold 

properties for optimal regeneration. We also highlight some of the most advanced strategies that 

have seen clinical application and discuss the hurdles that must be overcome for clinical use and 

commercialization of tissue engineering technologies. Finally, we provide a perspective on the 

future of scaffolds as a functional contributor to advancing tissue engineering and regenerative 

medicine.
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INTRODUCTION

The challenges presented by tissue loss and organ dysfunction inspired the emergence of the 

field of tissue engineering as a means of applying a basic engineering approach to restore 

form and function to diseased, damaged, and lost tissue. From its beginnings, tissue 

engineering has included a scaffold component. The substance of this scaffold has ranged 

from naturally derived components to synthetic biodegradable polymers. Next generation 

approaches to scaffold design have incorporated signaling elements, provided tunable and 

dynamic mechanical properties, enabled control via external stimuli, and demonstrated new 

techniques for precise patterning of spatial and geometric properties. Tissue engineering is 

subject to various design constraints that demand properties, including mass transport, 

scaffold degradation, and biocompatibility, be considered in scaffold design. The 

manufacturing of scaffolds for these purposes must also occur on a clinically relevant 

timeline, with appropriate assurances of safety, sterility, and stability, and be cost-efficient. 

As scaffolds are developed for tissue engineering applications, a delicate balance must be 

struck between efforts for highly engineered “smart” and “superfunctional” scaffolds and 

robust, scalable, and affordable production methods, with additional assurances for safety. 

Success for the field of tissue engineering is also reliant on advances in other disciplines, as 

seemingly disparate fields such as stem cell biology, materials science, robotics, medicine, 

chemical engineering, and manufacturing must be leveraged for design, production, and 

integration of functional tissue constructs.

When designing scaffolds for tissue engineering, the tissue to be augmented or replaced 

often dictates its form and function. Scaffolds must be designed with an appreciation of the 

chemical and material properties of native tissue, as well as an understanding of complex 

mechanisms surrounding cell interaction. The extracellular matrix (ECM), which forms the 

basis of native tissue scaffolds, has been increasingly appreciated as a bioactive entity that 

directs the fate and function of cells in both direct and nuanced ways.5 The composition, 

density, nanostructure, and microstructure of ECM varies dramatically between different 

tissue types. As such, recapitulating the complex mechanical and biological roles of native 

ECM inspires the generation of both synthetic and naturally derived scaffolds for tissue 

engineering.

In terms of the clinical applications of tissue engineering, planar tissues and organs that act 

in a barrier or transport role, such as skin, bladder, cornea, trachea, and blood vessels, have 

seen the most progress.4,61,62,67,69,77 The engineering of connective tissues, such as bone 

and cartilage,45 as well as nervous tissue,32 and muscle, have also been demonstrated in a 

variety of preclinical and clinical evaluations, and each have their own requirements for 

scaffold design. The ability to expand this repertoire to include the engineering of complete 

organs for applications in transplantation remains a vision for the future of tissue 

engineering. Complicated and hierarchically organized tissues and organs, including 

multifunctional systems like liver, kidney, heart, and pancreas, still present a significant 

challenge at present. Scaffolds and tissue engineered constructs have been evaluated 

clinically in the context of replacing specific functions of these organs, such as hydrogels 

that facilitate survival and immunoisolation in transplantation of pancreatic islets,24 along 

with extracorporeal hepatocyte constructs to support detoxification in patients with acute 
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liver failure.104 A less distant vision could involve building interconnected function-specific 

modules to recreate bioartificial organ systems, which could replicate the function, if not the 

specific form, of complex organ systems. However, a scaffold for a completely tissue 

engineered organ requires spatial control over different tissue types or tissue layers, and 

incorporation of perfused vascularization to promote tissue health and function. Emerging 

approaches toward “self-organization” of tissues may alleviate some of the complexity in 

engineering a complete organ through cell-based direction of tissue formation with minimal 

manipulation.

This perspective will highlight the engineering challenges and emerging technologies in the 

area of scaffolds for tissue engineering. We will outline the engineering design constraints 

for scaffold development, along with progress toward the development of engineered 

“smart” and “superfunctional” (i.e., materials with multifaceted biological function) scaffold 

technologies. Finally, we hope to provide insight into the clinical translation of technologies 

rooted in tissue engineering, including lessons that have been learned by our group and 

others along the way, the hurdles that emerge on the road to translation, and the path 

forward for promising technologies in development.

DESIGN CONSIDERATION AND ENGINEERING CONSTRAINTS

When approaching a problem in tissue engineering, it is important to maintain an 

engineering mindset. This entails an understanding of the problem to be solved, the range of 

solutions available, and the unique manufacturing and economic considerations associated 

with the problem. These constitute the design constraints of an engineered system. For tissue 

engineering, an appreciation of the chemical and mechanical properties of a tissue construct, 

its interaction with host tissue in the body, the mass transport requirements for the tissue, 

and the requirements for manufacturing a construct in an economical way are all important. 

In this section, we will detail these design constraints and highlight some considerations that 

a tissue engineer should remain mindful of when developing a tissue engineered construct.

Chemical, Mechanical, and Material Properties

In designing a scaffold for tissue engineering, it is critical to understand the material 

properties of native tissue. Each basic tissue type serves a unique function and purpose 

which can be attributed in large part to its specific chemical and material composition. With 

materials, function follows form. Thus, emulating the mechanical and chemical 

characteristics of native tissue could improve the performance and integration of the scaffold 

in its biological role. Connective tissue, which includes bones, cartilage, and tendons, 

provide structural support to the body and tends to have a low cellular content relative to 

other tissue types. Muscle tissue, responsible for dynamic movement, includes skeletal, 

smooth, and cardiac muscle and subtle differences between these three types give rise to 

different functional roles. Epithelial tissue, including that of the skin, lungs, intestines, 

gastrointestinal tract, and endothelium of blood vessels, is cellularly dense with tight cell 

junctions that are critical in providing structural support and serving a barrier function to 

protect the underlying tissue and control transport of gases, nutrients, and waste across the 

barrier. Nervous tissue is responsible for transmitting electrical signal in response to stimuli 

and for functional control of muscle tissue. Since native tissues are characterized by a wide 
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array of functions, compositions, and characteristics, the assumption that the same materials 

can be applied to the task of tissue engineering for all tissue types is impractical. We should 

therefore strive to consider the complexity and chemistry of these native tissues when 

selecting and developing new materials for tissue engineering.

In engineering a synthetic tissue scaffold, mimicking the broad chemical diversity of native 

tissue is a synthetically rigorous endeavor. The ECM, which is the main scaffold of native 

tissue, is comprised of structural biopolymers, namely proteins, polysaccharides, 

glycoproteins, and proteoglycans. Proteins, specifically, are the major structural component 

of native scaffolds in the body. They are composed of amino acid building blocks linked 

together through peptide bonds. Filamentous protein fibrils, including collagen, keratin, and 

elastin, provide tissues with structure, guide cell morphology, and help to protect cells and 

tissues. Cytoskeletal proteins, such as myosin and actin in muscle, provide tissue elasticity, 

enable contractility, and facilitate cell motility and mitosis. Within proteins, covalent 

crosslinks can occur through the side chains of amino acids that can increase the stability 

and durability of structural proteins, such as through the formation of disulfide bonds via 

cysteines and imines via lysine by lysyl oxidase.66 However, much of the structure and 

function of proteins arises from non-covalent interactions such as hydrophobic interactions, 

metal chelation, and hydrogen bonding. Hydrogen bonds within the peptide backbone of 

proteins facilitate complex and organized protein structure and enable specific function. In 

particular, collagen is a key structural component of native tissue. It is, therefore, not 

surprising that collagen has been routinely used with great success as a scaffold in tissue 

regeneration. Chemically, the sequence of collagen contains many domains of repeating 

tripeptide blocks rich in proline, hydroxyproline, and glycine. The positioning of the glycine 

and constrained backbone from the proline and hydroxyproline residues allows the protein 

to take on a characteristic left-handed helix,41 which spontaneously self-assembles into a 

right-handed triple helix with other collagen molecules,47 known as the collagen triple helix. 

While the collagen triple helix itself governs the structural and mechanical properties of 

many tissues, composites of collagen with other components can further enhance its 

mechanical properties. For example, in bone an inorganic material, hydroxyapatite (HAP) is 

integrated within the fibrous collagen structure, while in cartilage glycosaminoglycans 

(GAGs) 49 form composites with collagen. Composites of proteins with inorganic or other 

polymeric components are, therefore, important to the chemical and mechanical properties 

of a tissue.

The overall chemical composition in native tissue can vary dramatically depending on tissue 

type and tissue site. It is important that a tissue engineer remain mindful of the composition 

of native tissue when developing strategies to engineer new tissues or augment existing 

ones. Native tissue is comprised of varying amounts of water (10–75%) with the dry mass 

being mostly collagen (40–60%). Connective tissues can contain GAGs (25% in cartilage) 

and HAP (80% in bone).2,41 Myelin, the supporting tissue in the nervous system, is 

comprised of water (40%) with the dry balance being 75% lipids and 25% proteins.79 

Epithelial tissue is a dense network of cells, connected by keratin-rich junctions assembled 

on top of a basement membrane matrix of collagen, glycoproteins, and proteoglycan fibers. 

Sarcomeres, the basic units of contractility in muscle, are comprised of fibrous proteins actin 

and myosin.30 The ratio of actin to myosin is between 2:1 and 10:1 in smooth muscle, 
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compared to 6:1 in skeletal muscle and 4:1 in cardiac muscle.30 In striated muscle, titin, a 

giant multi-domain protein functions as a molecular spring and is responsible for the 

elasticity of the tissue.64

From a materials perspective, all tissues are complex composites of natural biopolymers, 

inorganic components, and cells. The mechanical properties of such composites are similarly 

complex. An understanding of mechanical properties in native tissue is a critical design 

parameter for successful scaffold-based tissue engineering, as material stiffness is known to 

provide substantial feedback in cell-scaffold interactions and dictate cell phenotype.39 

Furthermore, an implant that is too stiff can result in degradation of the formerly healthy 

tissue surrounding the implant, as is the case for bone resorption surrounding femoral 

implants.57

Tissues in the body have a wide range of mechanical properties, as illustrated in Table 1, 

which contributes to their form and function. Connective tissue is largely responsible for the 

structure of the body and has among the strongest material properties; bone is the strongest 

material in the body with compressive strength and modulus ranging up to 300 MPa and 

over 1 GPa for adult femurs.89 Cartilage has a high percentage of collagen, but has a much 

lower compressive modulus than bone. Instead, cartilage behaves like a classic viscoelastic 

material,50 with the viscous properties dominated by the water present in this well-hydrated 

tissue. However, under sustained loads, the polymeric collagen fibers dominate its 

mechanical properties. Epithelial tissue, with a high percentage of elastin, behaves like a 

synthetic elastomer. The high elastin content is responsible for the recoiling properties after 

deformation has been applied.82 The structural components of nervous tissue are provided in 

part by myelin sheaths of Schwann cells, which create electrically insulating structures. 

Peripheral nerves also contain a significant amount of fibrous connective tissue,103 which 

supplements their mechanical properties, making them quite strong. For example, an adult 

peripheral nerve trunk, such as the sciatic nerve, can sustain 61 MPa in tension before 

failure.79 Muscle tissue is strong, but also elastic. It is unique among tissue types as its 

purpose it to generate forces rather than to resist extrinsic forces.63

Selecting materials that emulate the complex chemical and mechanical properties of native 

tissues is a significant engineering challenging. Many synthetic materials vastly 

underestimate the complexity of natural scaffold materials, which can prove detrimental to 

cell–material interactions and functional tissue integration.15,70,86,112 However, using 

natural materials introduces attendant concerns of a possible immune response6 if materials 

are not properly decellularized51 or if there is contamination by endotoxins.18 A number of 

naturally derived and synthetic scaffold materials have been evaluated in the field of tissue 

engineering. Most attempt to emulate certain aspects of the original tissue (shape, 

mechanical properties, water content, etc.). However, there have been limited efforts to 

develop materials that are able to mimic both the chemical and mechanical properties of 

native tissues, which contributes to a continued gap in translation. Furthermore, native ECM 

has a complex, organized three-dimensional structure that is difficult to recreate with 

synthetic materials. Even naturally derived materials assembled ex vivo with the exact 

physiological ratios do not recapitulate these properties, as biological interactions and cell 

rearrangement shape the scaffold such that the tissue properties match physiological need. 
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For this reason, decellularized native tissues have found success in tissue engineering, as the 

chemical, mechanical, and biological infrastructure is primarily in place.

There are a number of natural materials that have secured FDA-approval for tissue 

engineering, and several approved devices have been based on these materials. Common 

materials of this class include collagens13,22,38 and glycosaminoglycans, including 

hyaluronic acid,38,42 chondroitin sulfate,13,38,96 and chitosan.28 The source of these natural 

materials also influences their potential biocompatibility and function. Commonly, collagens 

are extracted from bovine or porcine tissues, and GAGs are derived from animal sources or 

bacterial synthesis. While these materials may elicit an enhanced immune response in some 

cases,18 on the whole, these naturally synthesized and purified materials have been found to 

be safe. There are also a number of FDA-approved synthetic polymers that have been 

incorporated as structural components in tissue engineering scaffolds. These include 

polyethylene glycol (PEG),54 poly(lactic-co-glycolic acid) (PLGA),60 polycaprolactone 

(PCL), and ultra-high molecular weight polyethylene (UHMWPE).106 These materials have 

found wide clinical application in adhesives, sutures, devices, and joint replacement. 

Although there is nothing biomimetic in the chemistry of these materials, matching 

mechanical properties and water content can be enough to stimulate tissue-appropriate 

responses from cells. It is assumed that this is because when a biomaterial is implanted, 

native proteins adsorb to the surface, which then modulate the cell–material interactions. 

Modulation of the mechanical properties of both natural and synthetic polymers and 

materials, in order to match the properties of native tissues, requires a basic understanding of 

polymer theory. Certain polymers, such as rigid rod peptides with a capacity for hydrogen 

bonding, are innately stiffer than a flexible, hydrophilic PEG chain that takes on a random 

coil configuration. Furthermore, using the same material system, but increasing the 

molecular weight of the polymers, incorporating shorter cross-linkers, or introducing more 

cross-linking junctions can greatly increase the modulus and ultimate strength of the 

material.78

Cell–Material Interactions

Scaffolds for tissue engineering must be designed to interact optimally with cells in order to 

promote tissue regeneration. The interaction between cells and scaffolds can promote 

distinct changes in cell phenotype. Initially, these effects were thought to be strictly 

dominated by interactions at the cell–material interface. However, it is increasingly clear 

that scaffold architecture and three-dimensional geometry play a crucial role. Depending on 

the nature of the scaffold, cells can enter into a proliferative state, change the types of 

ligands and receptors presented on their surface, or even change function. Receptors on the 

surface of cells interact directly with the extracellular milieu, which includes structural 

proteins, glycoproteins, and the fluid and solutes trapped within the ECM.11 Depending on 

the cues received from this environment, cells can change their phenotype. For example, 

without the correct cues from a scaffold, cells can undergo anoikis whereby they detach 

from their matrix and undergo apoptosis.29 Endothelial cells grown on many polymers are 

known to shift to an inflamed and activated phenotype, but coating polymer surfaces with 

ECM proteins results in a more quiescent phenotype.52,105 These effects can be transient and 

change over time, as the cell responds to changes in its substrate or produces its own ECM.
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In light of the significance of a substrate on cell behavior and health, it is important to 

characterize scaffold materials for their effects on cells, with a particular focus on both 

short- and long-term influence on cell phenotype. Traditionally, this has meant vetting the 

material in planar, two dimensional experiments where tissue culture plastic is coated with 

the material being investigated and then seeded with the cells of interest. The viability and 

phenotype of these cells are monitored to determine their cytocompatibility. However, the 

information gained from this type of study may be confounded by the physical geometry of 

the system. Specifically, many cells exhibit differences in phenotype when cultured on a 

planar surface compared to culture in three-dimensional environments. For example, 

mammary epithelial cells form normal acinus structures when encapsulated in a three 

dimensional material but develop a cancerous phenotype when cultured on a two 

dimensional substrate.85 These geometric influences likely extend beyond the macroscale 

geometry of the device to include its nano-and micro-scale features as well. Therefore, the 

consideration of scaffold geometry across multiple length-scales is important to truly 

understand the influence on cell phenotype, and to recapitulate normal cell–material 

interactions. Strategies that control these interactions in a predesigned, instructive, and 

purposeful way may improve scaffold design.

Once a scaffold is implanted, its biocompatibility and tissue reaction is another important 

feature that must be evaluated and understood. Typically, implanted materials become 

opsonized by proteins upon transplantation. This marks the implant as “non-self” and 

triggers a foreign body response from the host immune system to destroy and clear the 

material. Contaminants in the scaffold, such as endotoxins, can also contribute to 

recognition as a foreign body. Immune cells, typically macrophages, will first attempt to 

phagocytose smaller materials or break the material apart by secretion of proteases. Larger 

materials that cannot be broken down or phagocytosed are often walled off from the body 

through formation of an avascular fibrotic capsule. This capsule is predominantly made of 

collagen and is produced by myofibroblasts. Fibrosis may diminish the therapeutic function 

of an implant, as its margins become encased in non-functional fibrotic scar tissue. This 

limits vascular integration of the device, resulting in hypoxia and apoptosis of encapsulated 

cells. Strategies to combat fibrosis include incorporating zwitterionic chemistry at the 

surface,115 controlled release of antifibrotic drugs,19 changes in surface geometry,102 and 

the inclusion of fibrosis-modulating cells.14 The immune response to a scaffold could also 

prove detrimental to strategies utilizing stem or progenitor cells, and may result in 

unintended outcomes in cell fate and phenotype should this process shift the 

microenvironment of an engineered cell niche.

Mass Transport Considerations

A multitude of techniques exist for the creation of cellularized scaffolds, but generating 

constructs that recapitulate the cellular density of native tissues remains a focus in tissue 

engineering. With increased cellular density comes an increased need for infrastructure 

capable of delivering oxygen and nutrients while removing cell products and waste, thus 

introducing mass transport considerations in scaffold design. These needs cannot be met by 

diffusion alone. For example, to regenerate cell-dense tissues such as muscle, seeding a high 

density of cells within a scaffold is likely to result in a core that becomes hypoxic, leading to 
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cell dysfunction and death. Diffusion is also inadequate when regenerating tissues that 

function through secreting or metabolizing compounds in order to maintain homeostasis in 

the body, such as endocrine functions. These cells must have proximity to a blood supply in 

order to sense physiologic indicators and secrete endocrine molecules, and also to allow 

access to oxygen and nutrients required for their long-term survival. To overcome diffusion 

limitations in constructs and support a larger number of cells, inclusion of convective mass 

transport must be addressed. In native tissue, cells exist no more than 150 lm away from a 

flowing blood supply.27 Beyond this distance, there is insufficient diffusive mass transport. 

Therefore, for constructs with dimensions on this order or greater, especially those with high 

cell density, mass transport considerations dictate the incorporation of vasculature as a 

critical design parameter.

One strategy to address mass transport limitations for large, cell-dense engineered tissues is 

to promote pre-vascularization of the construct prior to implantation. Toward the pre-

formation of blood vessels, strategies have been explored to include endothelial cells as part 

of cell-laden constructs. Using porous scaffolds and pre-seeding endothelial cells or 

endothelial progenitor populations, tubular structures can be generated in vitro which then 

form functional vascular elements once implanted.34 This could be done with endothelial 

cells alone, or in combination with other functional cell populations.35 An alternative 

method to incorporate endothelial cells and other cell populations at high density throughout 

a scaffold could be achieved through first mixing cells within a monomer or oligomer 

solution and then polymerizing or cross-linking these compounds. Ideally, the chemistries 

used to produce these types of scaffolds are bio-inert and do not compromise the viability of 

encapsulated cells. Other approaches that hold promise for developing pre-vascularized 

scaffolds include layer-by-layer construction and bottom-up assembly, which could provide 

control over the spatial arrangement of cells to build internal blood vessels.17,53,74,116 These 

methods could be advantageous because they are scalable and the internal structure of the 

scaffold can be controlled. Moreover, this method of large-scale scaffold construction is 

amenable to the organization of multiple cell types simultaneously, enabling functional 

therapeutic cells to be incorporated along with patterned endothelial cells to promote 

spatially organized vasculature.

Another strategy to address mass transport limitations would mimic nature using a more 

developmental approach. Here, scaffolds could be designed to guide and instruct the 

surrounding host tissue to form blood vessels within the scaffold. Cells recruited from the 

host migrate throughout the scaffold and supplement any cells that may have been pre-

seeded within the scaffold. Thus, an instructive scaffold encourages the growth and 

maturation of the tissue, specifically in terms of blood vessel development, by leveraging 

natural mechanisms to promote vascularization. This can include leveraging the pro-

angiogenic function of invading macrophages, along with engineered release of pro-

angiogenic signaling molecules such as vascular endothelial growth factor (VEGF) and 

basic fibroblast growth factor (FGF-2).76 Incorporation of chemical moieties and soluble 

cues can facilitate blood vessel growth, such as through presentation of heparan sulfate-like 

GAGs to modulate the activity of endogenous angiogenic factors.33 The presentation of such 

factors could also be hidden and exposed in response to a specific stimulus, such as 
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infiltrating cells that remodel the scaffold through cleavage of a caged bioactive domain to 

reveal new bioactive cues.10,36,91 There have also been several examples of scaffolds 

engineered for controlled release or presentation of pro-angiogenic signals.48,68,110 Release 

in response to a specific stimulus enables on-demand activation so that the appropriate 

signal is displayed at the appropriate time, avoiding possible risk of pathological 

angiogenesis from overexposure to potent angiogenic factors. For example, as cells infiltrate 

into the scaffold, angiogenic cues, such as VEGF, could be released to encourage blood 

vessel growth at a rate equal to cell infiltration. As cells migrate and proliferate deeper 

within the scaffold, a concomitant development of blood vessels can be formed allowing the 

tissue to grow in a controlled and biomimetic manner alongside the supportive vasculature.

Time Required to Prepare a Functional Construct

The time required to generate full-sized replacement tissues depends on the production of 

both the scaffold material and the generation of sufficient quantities of therapeutic cells, as 

well as the effort required to prepare a mature construct. This time frame must match 

clinical need for success of the technology to be realized. Also, more time and complexity 

associated with producing a scaffold translates to higher cost of the eventual product. 

Several advancements have been made in the areas of rapid or high-throughput 

manufacturing of therapeutic scaffolds, such as in-line production methods53 or automated 

printing.17,74,116 However, the pace of production for tissue-specific primary cells still 

presents an issue. Bioreactor systems have been produced to generate a large number of 

stem cells, with some also capable of further differentiating cells towards tissue-specific 

lineages. However, the specific culture conditions to reliably produce fully differentiated 

cells on a large scale remains a challenge. Once sufficient cells can be generated, new issues 

arise with regards to cell storage and transport. Unlike immortalized cell lines common in 

early research studies, primary cells have a limited time frame of use and continuous culture 

and passage can result in eventual senescence. For cases where cells must proliferate 

repeatedly in order to seed a scaffold, this can become a problem. In addition, the production 

of primary cells en masse may require that they be frozen prior to use. However, the freeze-

thaw process can dramatically reduce the viability of cells. In the case where donor cells are 

used, on-demand production of the cells may therefore be required. This means the cells 

must be used immediately, which adds inflexibility to the overall process and could 

introduce lag times between patient need and an available construct. Otherwise, cells must 

be generated in excess to compensate for the reduced viability that results from long-term 

cryogenic storage.

The most obvious challenge to large-scale manufacturing of engineered tissues is the 

requirement for such a construct to be specifically tailored to a patient. A “one size fits all” 

mentality toward tissue engineering is unrealistic in the context of heterogeneous anatomy 

and physiology along with site-specific considerations. Moreover, the cell source presents a 

bottleneck in manufacturing. For autologous cell-laden constructs, a tissue sample must be 

harvested from each patient individually, following which the cells of interest must be 

isolated, expanded, and seeded onto a scaffold. This entails cell production resembling a 

batch, rather than continuous, process. Additionally, depending on the disease state of the 

patient, there may not be a sufficient source of available cells, or there may be not be time to 
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wait for a functional construct to be produced. If an allogeneic or xenogeneic cell source is 

used, the manufacturing may be more scalable, but the attendant risk for immune rejection 

could necessitate life-long immunosuppressive drug regimes. One possible solution to 

address manufacturing and immune rejection and produce patient-invariant constructs is to 

use allogeneic cells that express an immune escape phenotype to evade host immune 

detection, which is known to occur for certain types of cancer cells.88 Technology or 

strategies for mass-production of tissue-relevant non-immunogenic cells could significantly 

streamline the manufacturing procedures to produce cell-laden tissue engineered constructs. 

Additionally, significant efforts focused on promoting tolerogenicity in organ transplant, 

specifically by dendritic cell reprogramming, could be adapted to cell-based tissue 

engineering to modulate the immune response to donor cells.75,101

EMERGING TECHNOLOGIES FOR SUPERFUNCTIONAL SCAFFOLD 

MATERIALS

In recent years, a number of new strategies have emerged to generate scaffolds that are 

highly controlled, extremely tunable, and highly functional. This could provide future routes 

to address several of the design criteria to produce functional scaffolds and tissue constructs. 

Emerging work has demonstrated the feasibility of building patient-specific organs from 

decellularized donor organs, using native ECM as the scaffold. Additionally, advances in 

printing technologies that can precisely pattern a scaffold and its cellular components along 

with methods to engineer temporal control of soluble factors to influence cell differentiation 

and fate have been explored. Here we highlight some exciting emerging strategies that have 

demonstrated promise and will impact future scaffold development.

Decellularized Organs

In recent years, organ decellularization has gained increased attention for its ability to 

generate scaffolds that retain native ECM structure and conduits for microvasculature that 

could be seeded with a patient’s own cells to create a functional organ. As mentioned 

previously, decellularized tissues including basement membrane and small intestinal 

submucosa, have seen broad use as scaffolds for tissue engineering. However, decellularized 

total organs could point to a new direction to produce customized scaffolds with much 

greater hierarchical complexity. Specifically, the decellularization of organs with reseeding 

of cells has been utilized to generate a variety of functional whole organs, including bladder, 

heart, lung, liver, skin, trachea, esophagus, and kidney.26,80,81,83,92,100,107 While 

decellularized organs have potential as highly controlled tissue scaffolds, several 

considerations must be addressed before these become clinically viable options for organ 

transplant. Scale-up and translation of current methods to human-sized organs is beginning 

to be explored.87 The availability of donor organs and the time to fully recreate a functional 

organ need to be considered for this to be clinically viable. There is already a very limited 

availability of donor organs, and so procedures must ensure that all organs can lead to usable 

constructs in an acceptable time. Donors must be carefully screened to minimize any 

adverse reactions due to incomplete decellularization, or contamination by infection, which 

may leave behind virus particles or endotoxins. Additionally, the lifetime of these organs 

and their advanced functionality in disease state remain unclear.3 Finally, an appropriate 
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patient derived stem or progenitor cell source would need to be developed, requiring these 

methods to be optimized alongside functional organ creation. This work does, however, 

point to the enormous role of ECM in dictating the structure and phenotype of organs and 

inspires future efforts to make highly controlled three-dimensional bioactive scaffolds that 

more closely mimic native ECM as tissue engineering scaffolds.

Advances in Printing and Patterning

Rapid prototyping and additive manufacturing practices may enable the eventual production 

of highly controlled scaffolds and organs.21 Additive manufacturing, the process by which 

3D objects are generated from a computer model through deposition of materials, has gained 

popularity of late with the emergence of 3D printers with z-stage control. This contrasts with 

conventional manufacturing, where undesired materials are removed to generate the final 

structure. A number of printing and patterning technologies have been evaluated, including 

3D inkjet printing, stereolithography, laser sintering, and electrospinning. Computer-aided 

deposition of scaffold materials, cells, drugs, and growth factors have also been 

demonstrated, toward the production of hybrid or bioactive constructs. Additive 

manufacturing of biomaterials requires additional development before it can be considered a 

robust technology for large-scale production of functional scaffolds.114 Methods to increase 

the throughput and strategies to scale-up printing to human-sized organs will be important. 

An improved understanding of tissue and organ structure, and its microstructure, will also 

result in better models for computer-aided deposition. New technologies, methods, and 

equipment also must be developed to handle a broad range of available materials and cells, 

with production procedures that are highly cytocompatible without sacrificing material 

properties.

Dynamic Chemical Signaling

Native ECM, while having specifically positioned bioactivity, also controls the temporal 

presentation of bioactive cues. One example of this is the exposure of cryptic sites in ECM 

proteins such as collagen, which have been found to play a role in directing cell fate.20 

These signals are generally hidden within the ECM and become exposed upon structural or 

conformational changes in order to direct cell migration, differentiation, and phenotype. 

Temporal control of bioactive cues, such as morphogens, in scaffolds has been explored 

using a variety of material and chemical approaches. For example, HAP and BMP-2 coated 

onto the surface of a bone implant using a biodegradable polymer afforded 7-day release of 

soluble factors, promoting enhanced implant integration compared to standard bone 

cement.95 Combinations of factors may also be released with varying kinetic profiles to 

achieve synergistic effects.94 For additional control of morphogen release, some have 

incorporated cleavable linkages tethering these molecules to the scaffold. In one report, an 

MMP-13 cleavage site was utilized to release the fibronectin-derived RGD binding eptiope 

during mesenchymal stem cell differentiation into chondrocytes, mimicking the temporal 

profile of native adhesion signals during differentiation.91 This temporal display resulted in 

improved cellular functionality, evidenced by increased cellular collagen deposition and 

glycosaminoglycan secretion. Release of molecules and control of scaffold properties via an 

external trigger, such as light, have also been investigated. To promote cellular attachment 

and differentiation, as well as angiogenesis, the release of various soluble factors and 
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molecules from scaffolds has been explored. Soluble factors are known to elicit different 

effects on tissue regeneration when compared to attached factors, which are present at the 

scaffold-tissue interface exclusively.23,97,109 This is thought to be due, in part, to the natural 

mechanism, by which cells are recruited to the site of factor release by following a 

chemokine gradient. Thus, engineering scaffolds with dynamic and temporal control over 

bioactivity could be a future strategy to produce more chemically bio-mimetic scaffolds for 

enhanced tissue regeneration.

Real-Time Scaffold Monitoring

Next generation scaffolds may incorporate multiple technologies that provide advanced 

functionality to engineered tissues. This might include the ability to monitor tissue and 

scaffold performance over the lifetime of the transplant, or the ability to monitor disease 

state.16 Real-time monitoring of scaffolds would enable the therapy to be fine-tuned using 

an analytics-based approach to modify the course of treatment. For example, a layered 

polyelectrolyte scaffold coating composed of hyaluronic acid and glycolchitosan was 

demonstrated to provide real-time, label-free monitoring of cell growth and death.44 Stem 

cells transfected with luciferase were also implanted within scaffolds to track cell retention 

and differentiation using bioluminescence imaging.7 Additionally, hypoxia-responsive green 

fluorescent protein has been transfected into cells to provide a real time oxygen sensor,65 

which could have applications in assessing the oxygen per-fusion of a tissue engineered 

construct. Optical coherence tomography, clinically used in ophthalmology, could provide a 

useful tool for mapping cells in scaffolds, enabling micron-scale resolution at millimeter 

transplant depths.43 Advances in MRI, PET and multiphoton imaging techniques could 

facilitate the tracking of cells within scaffolds, as well as assessment of overall scaffold 

performance.1,58,111 These imaging techniques would enable monitoring of non-transfected 

native cells, but sensitivity and resolution would need to be improved before this becomes 

clinically viable. Nevertheless, combining real-time monitoring within a therapy through 

leveraging advanced imaging strategies could enable more personalized and tunable 

therapies, along with “theranostic” approaches to sense disease state over the lifetime of the 

construct.

HIGHLIGHTS AND CHALLENGES IN CLINICAL TRANSLATION

In spite of several decades of intense research focused in tissue engineering, there are 

limited clinically approved therapeutics rooted in tissue engineering principles. Widespread 

use of tissue engineering to treat disease remains encumbered by a number of regulatory 

hurdles, which, in combination with the biological and engineering design constraints 

highlighted previously, provide technological limitations. An appreciation of these 

regulatory hurdles, though not always the first consideration of a scientist developing new 

technologies in a lab, is nevertheless critical when aspiring to design new therapies for the 

clinic.

Clinical Success Stories: Skin Regeneration

Some of the greatest advances in applying tissue engineering to the clinic have come in the 

area of skin regeneration. One of the first cell-based tissue engineering strategies to reach 
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the clinic, Epicel® (Genzyme), consists of thin sheets (2–3 cell layers thick) of autologous 

keratinocytes cultured on a xenogeneic mouse feeder layer.9 This approach does not rely 

specifically on a scaffold, as a layer of irradiated immortal mouse fibroblasts provides the 

support matrix for cell attachment and growth. As such, the transplanted product contains 

residual xenogeneic materials and cells, resulting in its classification as a 

xenotransplantation product. The time to expand autologous cells from a biopsy to obtain a 

sufficient graft is on the order of 3–4 weeks for Epicel®, with this process occurring at a 

localized facility and necessitating shipping to bring the completed graft to the patient.

Other strategies of note in the area of skin regeneration have examined allogeneic cells 

cultured within scaffolds. Dermagraft® (Organogenesis, Inc) consists of neonatal fibroblasts 

seeded onto a bioabsorbable polyglactin scaffold that has specifically demonstrated promise 

in healing of diabetic foot ulcers.71 Another allogeneic product Apligraf® (also produced by 

Organogenesis, Inc) utilizes a two-layered construct, with a layer of neonatal karitinocytes 

seeded onto a second layer consisting of a collagen matrix containing neonatal fibroblasts, 

which has received approval for treating both diabetic foot ulcers and venous leg ulcers.25 

The use of an allogeneic cell source for these two approaches dramatically reduces the time 

required to treat a patient with a functional construct as compared to autologous strategies 

that require biopsy, cell isolation, and ex vivo expansion and seeding. The caveat is that 

these constructs offer only temporary coverage before immune rejection of the graft. It is 

thought that the graft efficacy for allogeneic approaches arises from reducing the likelihood 

of infection at the site and stimulating the host wound healing response to promote wound 

closure, as opposed to the graft itself contributing to functional tissue.

An alternative is to use an acellular scaffold-based approach, such as that commercialized 

under the name of INTEGRA® Dermal Regeneration Template (Integra Life Sciences, Inc). 

This scaffold has two layers: a cross-linked matrix made up of bovine type-1 collagen and 

shark chondroitin-6-sulfate that is coated on one side with a layer of silicone. The cross-

linked matrix is intended to recruit endogenous cells to reconstitute functional tissue, while 

the silicone layer is intended to provide a synthetic dermis to protect the wound bed from 

infection and reduce heat and moisture loss.

The pace of development for these approaches to skin regeneration is particularly 

noteworthy. The first published works forming the basis for these technologies were 

reported between 1979 and 1982.8,37,113 This serves to highlight the lengthy process 

between initial development of a technology, its evaluation, and the final clinically approved 

product. It is reasonable to expect this entire process to take two to three decades, and 

certainly a very high percentage of technologies fail to advance along the way. In addition to 

demonstrating efficacy as a technology advances through clinical trials, it also must 

demonstrate appropriate safety with low risk of side-effects, secure sufficient financing for 

this long journey, have a dedicated and capable team pushing it forward, and demonstrate 

superiority relative to other technologies in development within the sector.

The Regulatory Hurdles

There are several regulatory hurdles that must be considered when translating tissue 

engineering scaffolds to the clinic which depend on the nature of the particular technology. 
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It stands to reason that an acelluar scaffold should face less regulatory scrutiny than 

approaches utilizing allogeneic or xenogeneic cells, iPS cells, embryonic stem cells, or even 

significant ex vivo manipulation of autologous cells. The introduction of cells as a 

component in tissue engineering introduces attendant risks associated with possible 

immunogenicity, teratoma formation, cell culture adaptation/morphogenesis, or 

contamination which must be addressed to assure safety.

The scaffold material itself can affect the regulatory process for a new tissue engineering 

strategy. The 510(k) procedures used by the U.S. Food and Drug Administration (FDA) 

allows devices characterized as “substantially equivalent” to an existing approved device to 

be brought to market more quickly. Examples of this are bone void fillers prepared from 

either preformed calcium sulfate pellets or methylmethacrylate.12 Conversely, development 

of highly bioactive scaffolds with poorly defined degradation products may require 

significant effort to establish the safety of the material as well as its degradation products, 

increasing time and cost for pre-clinical and clinical evaluations. This can lead to a 

dichotomy, as efforts to create novel systems that interact with biology in a fundamentally 

new way are often distinct from efforts towards the rapid translation of technologies through 

focusing on 510(k) and generally regarded as safe (GRAS) materials. The former may 

enable groundbreaking academic research, but oftentimes the cost and effort required to 

translate fundamentally new technologies can be a significant barrier. Ideally, the 

development of novel materials for use in tissue engineering will give rise to some 

innovative functionality that cannot be recreated with existing materials, and then these 

transformational technologies can be advanced based on their ability to perform a specific 

function. It is, therefore, imperative that efforts toward novel transformational technologies 

continue through support and funding for innovate research, in spite of the additional 

hurdles presented in their clinical translation.

Prior to beginning the regulatory approval process through the filing of an Investigational 

New Drug (IND) or Investigational Device Exemption (IDE) application, a substantial body 

of pre-clinical data must be obtained for the proposed systems. This includes theoretical 

modeling, in vitro characterization, and in vivo (i.e., in animals) studies. One concern raised 

in particular for tissue engineered scaffolds is the extent to which these studies are predictive 

of eventual function and performance in humans. For example, interspecies variability in the 

immune system introduces concerns that studies in rodents may not be predictive of the 

immune response to an implanted construct in human, as there are many differences 

between mouse and human immunology.73,93 Evidence suggests that the sex of laboratory 

animal chosen may also affect demonstrated efficacy.55 Efforts have been taken to prepare 

humanized mice with immune systems that more closely resemble that of a human,98 which 

may eventually improve the predictive ability of small rodent models. For genetic disease 

models, otherwise healthy inbred mice may not be ideal in terms of recapitulating the 

complexities of human disease in a heterogeneous patient population. Additionally, for 

strategies evaluating autologous cell approaches, sourcing cells from a typically young 

healthy mouse may not resemble the case where cells are harvested from older patients with 

associated comorbidities.40 Taken together, this would caution against relying on a single 

animal model to collect pre-clinical results, and demonstrating efficacy in multiple animal 
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models across multiple species, including in large animals, may be desirable. However, this 

can take several additional years of pre-clinical development and require substantial 

funding.

As part of the regulatory approval process through the U.S. FDA, a new therapeutic entity is 

traditionally routed along one of four distinct pathways: tissues, biological products, drugs, 

or medical devices. Tissue engineering introduces unique challenges at this stage. 

Depending on its manifestation, many tissue engineering approaches may fall into two, three 

or even all four of these categories. A simple scaffold used for a tissue filler, for example, 

could be characterized purely as a medical device if it “does not achieve its primary intended 

purposes through chemical action and is not dependent upon being metabolized for the 

achievement of its primary intended purposes” [Sect. 201(h) of the U.S. Food, Drug, and 

Cosmetic Act]. However, once additional scaffold complexity is incorporated, the construct 

may no longer be classified purely as a medical device. In fact, a majority of tissue 

engineering approaches combine cells seeded onto a scaffold, and may additionally 

incorporate signaling elements, chemical functionalities, or the release of small molecule 

drugs or proteins from the scaffold. Thus, from the onset the precise regulatory pathway of a 

tissue engineered therapy becomes less clear, and oftentimes aspects of the regulatory 

processes for each of these pathways must be addressed in order to develop a single therapy. 

This can significantly increase the time and cost to achieve regulatory approval, as each 

pathway has its own accepted methods for demonstrating safety. At present, pre-clinical and 

early clinical evaluations of technologies are addressed on a case-by-case basis, often times 

requiring innovation in the regulatory framework by companies and regulatory officials in 

order to chart the best course of action to conclusively assure safety. This process is 

therefore undertaken with extreme caution, and likely ends up requiring that additional 

verifications be performed. It is assumed that, as more tissue-engineered therapies move into 

clinical evaluation and establish a precedent for production and use, the precise regulatory 

pathway and requirements for these approaches will be clarified. The FDA has several 

places where those interested in commercializing a tissue engineered product can go in 

search of guidance, and those interested are encouraged to review the publication by Lee et 

al.59 along with resources available through the FDA Tissue Reference Group and the FDA 

Office of Combination Products.

The Cost of Development

The costs associated with bringing a tissue engineering technology to market can be quite 

high, and may require several rounds of financing in addition to cooperation in development 

from large companies. It is estimated that a pharmaceutical company spends, on average, 

over $850 million to bring a new drug or biologic to the market, increasing to roughly $1.8 

billion after capitalization.84 It is less clear what the cost may be for a tissue engineered 

therapy, but it could be considerably higher when additional components (i.e., cells, 

scaffold, proteins), complex or individualized production methods, and multiple regulatory 

pathways must be negotiated in the development. Also, an increasingly cost-constrained 

healthcare system with limited insurer reimbursement, both in the U.S. and abroad, adds 

additional pressures on complicated technologies to remain cost-efficient in production. This 

enormous cost means that a technology must have demonstrated convincing efficacy in a 
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broad market to have a chance at being profitable. These are considerations not often made 

by a scientist seeking to develop new technologies and therapies. However it is imperative 

that, should the vision be to eventually translate a technology, sights remain set on the most 

efficient way to streamline its production and development. The good news is that, in spite 

of escalating costs in the development of new therapies, the tissue engineering sector is 

experiencing a boom. Data as of 2011 showed commercial sales of tissue engineering 

products had increased threefold since 2007, amounting to $3.5 billion in sales that year.46 

Meanwhile, the industry is spending $3.6 billion annually and employing almost 14,000 

people.46 This is promising for the future of tissue engineering strategies, and it lends hope 

to eventual profitability of the entire sector as more advanced strategies begin to emerge 

from R&D pipelines.

Strategies for Commercialization of Promising Technologies

The formula used to evaluate technology from the Langer Lab to determine whether starting 

a company makes sense has been described by “The three Ps”: platform, paper, and patent.56 

A technology that is a good candidate for commercialization ideally should be a platform 

technology, meaning it has the potential to be used in many different applications. A great 

technology that only has niche applicability has less chance for success than one that could 

lead to products in several different areas. The next step in this process has traditionally 

been publication of this technology in a high-profile journal. Demonstration of the scientific 

aspects of the technology through publishing a high-impact paper can be very beneficial to 

securing scientific and investment partners to aid in the development. Finally, a good 

technology for commercialization must have a very strong patent behind it, which is ideally 

a blocking patent written broadly to protect the platform from other technologies being 

developed. A strong patent often flows directly from high-impact publications. In addition to 

these three elements of a successful company, the technology must demonstrate strong 

proof-of-principle results in relevant preclinical studies. Finally, an aspect that is often more 

important than the technology itself is the people behind its development. For a platform to 

be successful, that technology needs a champion (or several) who are willing to do whatever 

it takes to see that technology succeed. Therefore, the team trusted with developing the 

technology must be carefully selected, and it often helps if these individuals have a vested 

interest in seeing the technology succeed.

To surpass the various hurdles discussed here, there are many aspects that must be addressed 

for successful translation of a technology. This begins with a strong scientific foundation for 

the technology and a strong patent. The technology must be thoroughly established in pre-

clinical studies, and must navigate multiple regulatory pathways in its development. The 

company founded around the technology must be able to secure enough financing for its 

development, have a clear vision for the best path forward, and be comprised of champions 

of the technology. As the product is developed, it must be reproducibly manufactured, and 

clinical trials must be carefully constructed to ensure reliable efficacy and safety. The 

market potential of the technology, including its cost balanced with its potential for 

reimbursement, must also be considered. No matter how novel a technology may be, for 

investors and partners to be enthusiastic and for eventual clinical success, all of these facets 

of the scientific and business development must be addressed.
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CONCLUSIONS AND OUTLOOK

When designing scaffolds for tissue engineering, adopting the mindset of an engineer is an 

important perspective. Information from many areas of biology and medicine must be 

combined with knowledge in materials synthesis and development to produce functionally 

relevant constructs that could augment or replace native tissue. The engineering design 

constraints of a tissue engineered scaffold include its chemistry and mechanical properties, 

its source of origin, an understanding of how it interfaces with cells and tissues, an 

appreciation of mass transport limitations, and reliable and scalable solutions to its unique 

manufacturing and production requirements. For clinical translation of these technologies, 

an assurance of safety is paramount, and many regulatory hurdles must be navigated in order 

to demonstrate safety and succeed in translation. The efficacy and versatility of the 

technology must be robustly established as well, and a dedicated team must be on board to 

drive the technology forward. Strong scientific and financial partnerships are a requirement 

on this journey, which can take many years and cost hundreds of millions of dollars.

Even with all of these considerations, and in spite of only limited clinical success thus far, 

the future of the field of tissue engineering is bright. Technologies across various stages of 

development hold enormous promise for the treatment of diseased and damaged tissue. In 

addition, teams of brilliant and dedicated scientists and engineers are striving every day to 

improve the quality of life for patients worldwide through tissue engineering. The journey is 

long and arduous, and many technologies will fail along the way. However, a commitment 

to the development of tissue engineering constructs by scientists and engineers in 

partnership with academic institutions, government agencies, financial partners, and large 

corporations will lead to both a fruitful and impactful future for tissue engineering in the 

coming decades.

Acknowledgments

MJW acknowledges support from the National Institutes of Health (NIDDK) for support through a Ruth 
Kirschstein National Research Service Award (F32DK101335). BCT acknowledges support from the Juvenile 
Diabetes Research Foundation for a Post-doctoral Fellowship (3-2011-310).

REFERENCES

1. Abarrategi A, Fernandez-Valle ME, Desmet T, Castejon D, Civantos A, Moreno-Vicente C, Ramos 
V, Sanz-Casado JV, Martinez-Vazquez FJ, Dubruel P, Miranda P, Lopez-Lacomba JL. Label-free 
magnetic resonance imaging to locate live cells in three-dimensional porous scaffolds. J. R. Soc. 
Interface R. Soc. 2012; 9:2321–2331.

2. Anthanasiou, KA.; Darling, EM.; Hu, JC. Articular Cartilage Tissue Engineering. San Rafael: 
Morgan and Claypool Publishers; 2010. 

3. Arenas-Herrera JE, Ko IK, Atala A, Yoo JJ. Decellularization for whole organ bioengineering. 
Biomed. Mater. 2013; 8:014106. [PubMed: 23353764] 

4. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered autologous bladders for patients 
needing cystoplasty. Lancet. 2006; 367:1241–1246. [PubMed: 16631879] 

5. Badylak SF. The extracellular matrix as a biologic scaffold material. Biomaterials. 2007; 28:3587–
3593. [PubMed: 17524477] 

6. Badylak SF, Gilbert TW. Immune response to biologic scaffold materials. Semin. Immunol. 2008; 
20:109–116. [PubMed: 18083531] 

Webber et al. Page 17

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Bago JR, Aguilar E, Alieva M, Soler-Botija C, Vila OF, Claros S, Andrades JA, Becerra J, Rubio N, 
Blanco J. In vivo bioluminescence imaging of cell differentiation in biomaterials: a platform for 
scaffold development. Tissue Eng. Part A. 2013; 19:593–603. [PubMed: 23013334] 

8. Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T. Living tissue formed in vitro and accepted as skin-
equivalent tissue of full thickness. Science. 1981; 211:1052–1054. [PubMed: 7008197] 

9. Bello YM, Falabella AF, Eaglstein WH. Tissue-engineered skin. Current status in wound healing. 
Am. J. Clin. Dermatol. 2001; 2:305–313. [PubMed: 11721649] 

10. Benton JA, Fairbanks BD, Anseth KS. Characterization of valvular interstitial cell function in three 
dimensional matrix metalloproteinase degradable peg hydrogels. Biomaterials. 2009; 30:6593–
6603. [PubMed: 19747725] 

11. Bosman FT, Stamenkovic I. Functional structure and composition of the extracellular matrix. J. 
Pathol. 2003; 200:423–428. [PubMed: 12845610] 

12. Burg KJ, Porter S, Kellam JF. Biomaterial developments for bone tissue engineering. Biomaterials. 
2000; 21:2347–2359. [PubMed: 11055282] 

13. Burke JF, Yannas IV, Quinby WC Jr, Bondoc CC, Jung WK. Successful use of a physiologically 
acceptable artificial skin in the treatment of extensive burn injury. Ann. Surg. 1981; 194:413–428. 
[PubMed: 6792993] 

14. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. J. Cell. Biochem. 2006; 
98:1076–1084. [PubMed: 16619257] 

15. Chan BP, Leong KW. Scaffolding in tissue engineering: general approaches and tissue-specific 
considerations. Eur. Spine J. 2008; 17(Suppl 4):467–479. [PubMed: 19005702] 

16. Chertok B, Webber MJ, Succi MD, Langer R. Drug delivery interfaces in the 21st century: from 
science fiction ideas to viable technologies. Mol. Pharm. 2013; 10:3531–3543. [PubMed: 
23915375] 

17. Cui X, Boland T. Human microvasculature fabrication using thermal inkjet printing technology. 
Biomaterials. 2009; 30:6221–6227. [PubMed: 19695697] 

18. Daly KA, Liu S, Agrawal V, Brown BN, Huber A, Johnson SA, Reing J, Sicari B, Wolf M, Zhang 
X, Badylak SF. The host response to endotoxin-contaminated dermal matrix. Tissue Eng. Part A. 
2012; 18:1293–1303. [PubMed: 22416916] 

19. Dang TT, Thai AV, Cohen J, Slosberg JE, Siniakowicz K, Doloff JC, Ma M, Hollister-Lock J, 
Tang KM, Gu Z, Cheng H, Weir GC, Langer R, Anderson DG. Enhanced function of immuno-
isolated islets in diabetes therapy by co-encapsulation with an anti-inflammatory drug. 
Biomaterials. 2013; 34:5792–5801. [PubMed: 23660251] 

20. Davis GE, Bayless KJ, Davis MJ, Meininger GA. Regulation of tissue injury responses by the 
exposure of matricryptic sites within extracellular matrix molecules. Am. J. Pathol. 2000; 
156:1489–1498. [PubMed: 10793060] 

21. Derby B. Printing and prototyping of tissues and scaffolds. Science. 2012; 338:921–926. [PubMed: 
23161993] 

22. di Summa PG, Kingham PJ, Campisi CC, Raffoul W, Kalbermatten DF. Collagen (neuragen((r))) 
nerve conduits and stem cells for peripheral nerve gap repair. Neurosci. Lett. 2014; 572:26–31. 
[PubMed: 24792394] 

23. Diederichs S, Baral K, Tanner M, Richter W. Interplay between local versus soluble transforming 
growth factor-beta and fibrin scaffolds: role of cells and impact on human mesenchymal stem cell 
chondrogenesis. Tissue Eng. Part A. 2012; 18:1140–1150. [PubMed: 22480213] 

24. Elliott RB, Escobar L, Calafiore R, Basta G, Garkavenko O, Vasconcellos A, Bambra C. 
Transplantation of micro- and macroencapsulated piglet islets into mice and monkeys. Transplant. 
Proc. 2005; 37:466–469. [PubMed: 15808678] 

25. Falanga V, Sabolinski M. A bilayered living skin construct (APLIGRAF) accelerates complete 
closure of hard-to-heal venous ulcers. Wound Repair Regen. 1999; 7:201–207. [PubMed: 
10781211] 

26. Fishman JM, Lowdell MW, Urbani L, Ansari T, Burns AJ, Turmaine M, North J, Sibbons P, 
Seifalian AM, Wood KJ, Birchall MA, De Coppi P. Immunomodulatory effect of a decellularized 
skeletal muscle scaffold in a discordant xenotransplantation model. Proc. Natl. Acad. Sci. USA. 
2013; 110:14360–14365. [PubMed: 23940349] 

Webber et al. Page 18

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Folkman JH, Hochberg M. Self regulation of growth in three dimensions. J. Exp. Med. 1973; 
138:745–753. [PubMed: 4744009] 

28. Foster LJ, Karsten E. A chitosan based, laser activated thin film surgical adhesive, ‘SurgiLux’: 
preparation and demonstration. J. Vis. Exp JoVE. 2012; 68:xv–xvii.

29. Frisch SM, Francis H. Disruption of epithelial cell-matrix interactions induces apoptosis. J. Cell 
Biol. 1994; 124:619–626. [PubMed: 8106557] 

30. Gabella, G. Structure of smooth muscles. In: Szekeres, L.; Papp, JGY., editors. Handbook of 
Experimental Pharmacology. Vol. 111. Berlin: Springer; 1994. p. 3-34.

31. Geerligs M, van Breemen L, Peters G, Ackermans P, Baaijens F, Oomens C. In vitro indentation to 
determine the mechanical properties of epidermis. J. Biomech. 2011; 44:1176–1181. [PubMed: 
21296353] 

32. Geller HM, Fawcett JW. Building a bridge: Engineering spinal cord repair. Exp. Neurol. 2002; 
174:125–136. [PubMed: 11922655] 

33. Ghanaati S, Webber MJ, Unger RE, Orth C, Hulvat JF, Kiehna SE, Barbeck M, Rasic A, Stupp SI, 
Kirkpatrick CJ. Dynamic in vivo biocompatibility of angiogenic peptide amphiphile nanofibers. 
Biomaterials. 2009; 30:6202–6212. [PubMed: 19683342] 

34. Ghanaati S, Fuchs S, Webber MJ, Orth C, Barbeck M, Gomes ME, Reis RL, Kirkpatrick CJ. Rapid 
vascularization of starch-poly(caprolactone) in vivo by outgrowth endothelial cells in co-culture 
with primary osteoblasts. J. Tissue Eng. Regen. Med. 2011; 5:e136–e143. [PubMed: 21604380] 

35. Ghanaati S, Unger RE, Webber MJ, Barbeck M, Orth C, Kirkpatrick JA, Booms P, Motta A, 
Migliaresi C, Sader RA, Kirkpatrick CJ. Scaffold vascu-larization in vivo driven by primary 
human osteoblasts in concert with host inflammatory cells. Biomaterials. 2011; 32:8150–8160. 
[PubMed: 21821280] 

36. Giano MC, Pochan DJ, Schneider JP. Controlled biodegradation of self-assembling beta-hairpin 
peptide hydrogels by proteolysis with matrix metallopro-teinase-13. Biomaterials. 2011; 32:6471–
6477. [PubMed: 21683437] 

37. Green H, Kehinde O, Thomas J. Growth of cultured human epidermal cells into multiple epithelia 
suitable for grafting. Proc. Natl. Acad. Sci. USA. 1979; 76:5665–5668. [PubMed: 293669] 

38. Guo Y, Yuan T, Xiao Z, Tang P, Xiao Y, Fan Y, Zhang X. Hydrogels of collagen/chondroitin 
sulfate/hyaluronan interpenetrating polymer network for cartilage tissue engineering. J. Mater. Sci. 
Mater. Med. 2012; 23:2267–2279. [PubMed: 22639153] 

39. Guvendiren M, Burdick JA. Stiffening hydrogels to probe short- and long-term cellular responses 
to dynamic mechanics. Nat. Commun. 2012; 3:792. [PubMed: 22531177] 

40. Heeschen C, Lehmann R, Honold J, Assmus B, Aicher A, Walter DH, Martin H, Zeiher AM, 
Dimmeler S. Profoundly reduced neovascularization capacity of bone marrow mononuclear cells 
derived from patients with chronic ischemic heart disease. Circulation. 2004; 109:1615–1622. 
[PubMed: 15037527] 

41. Herring GM. The chemical structure of tendon, cartilage, dentin and bone matrix. Clin. Orthop. 
Relat. Res. 1968; 60:261–299. [PubMed: 4236349] 

42. Hillel AT, Unterman S, Nahas Z, Reid B, Coburn JM, Axelman J, Chae JJ, Guo Q, Trow R, 
Thomas A, Hou Z, Lichtsteiner S, Sutton D, Matheson C, Walker P, David N, Mori S, Taube JM, 
Elisseeff JH. Photoactivated composite biomaterial for soft tissue restoration in rodents and in 
humans. Sci. Transl. Med. 2011; 3:93ra67.

43. Holmes C, Tabrizian M, Bagnaninchi PO. Motility imaging via optical coherence phase 
microscopy enables label-free monitoring of tissue growth and viability in 3D tissue-engineering 
scaffolds. J. Tissue Eng. Regen. Med. 2013

44. Holmes C, Daoud J, Bagnaninchi PO, Tabrizian M. Polyelectrolyte multilayer coating of 3D 
scaffolds enhances tissue growth and gene delivery: non-invasive and label-free assessment. Adv. 
Healthc. Mater. 2014; 3:572–580. [PubMed: 24030932] 

45. Hutmacher DW. Scaffolds in tissue engineering bone and cartilage. Biomaterials. 2000; 21:2529–
2543. [PubMed: 11071603] 

46. Jaklenec A, Stamp A, Deweerd E, Sherwin A, Langer R. Progress in the tissue engineering and 
stem cell industry “are we there yet?”. Tissue Eng. Part B Rev. 2012; 18:155–166. [PubMed: 
22220809] 

Webber et al. Page 19

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Kadler KE, Holmes DF, Trotter JA, Chapman JA. Collagen fibril formation. Biochem. J. 1996; 
316:1–11. [PubMed: 8645190] 

48. Kanematsu A, Yamamoto S, Ozeki M, Noguchi T, Kanatani I, Ogawa O, Tabata Y. Collagenous 
matrices as release carriers of exogenous growth factors. Biomaterials. 2004; 25:4513–4520. 
[PubMed: 15046942] 

49. Katta J, Stapleton T, Ingham E, Jin ZM, Fisher J. The effect of glycosaminoglycan depletion on the 
friction and deformation of articular cartilage. Proc. Inst. Mech. Eng. Part H. 2008; 222:1–11.

50. Kazemi M, Li LP. A viscoelastic poromechanical model of the knee joint in large compression. 
Med. Eng. Phys. 2014; 36:998–1006. [PubMed: 24933338] 

51. Keane TJ, Londono R, Turner NJ, Badylak SF. Consequences of ineffective decellularization of 
biologic scaffolds on the host response. Biomaterials. 2012; 33:1771–1781. [PubMed: 22137126] 

52. Khan OF, Sefton MV. Patterning collagen/poloxamine-methacrylate hydrogels for tissue-
engineering-inspired microfluidic and laser lithography applications. J. Biomater. Sci. Polym. Ed. 
2011; 22:2499–2514. [PubMed: 21144168] 

53. Khan OF, Voice DN, Leung BM, Sefton MV. A novel high-speed production process to create 
modular components for the bottom-up assembly of large-scale tissue-engineered constructs. Adv. 
Healthc. Mater. 2014

54. Kim KD, Wright NM. Polyethylene glycol hydrogel spinal sealant (duraseal spinal sealant) as an 
adjunct to sutured dural repair in the spine: results of a prospective, multicenter, randomized 
controlled study. Spine. 2011; 36:1906–1912. [PubMed: 22008746] 

55. Kim AM, Tingen CM, Woodruff TK. Sex bias in trials and treatment must end. Nature. 2010; 
465:688–689. [PubMed: 20535184] 

56. Langer R. A personal account of translating discoveries in an academic lab. Nat. Biotechnol. 2013; 
31:487–489. [PubMed: 23752424] 

57. Langer R, Vacanti JP. Tissue engineering. Science. 1993; 260:920–926. [PubMed: 8493529] 

58. Lee HS, Teng SW, Chen HC, Lo W, Sun Y, Lin TY, Chiou LL, Jiang CC, Dong CY. Imaging 
human bone marrow stem cell morphogenesis in polyglycolic acid scaffold by multiphoton 
microscopy. Tissue Eng. 2006; 12:2835–2841. [PubMed: 17518652] 

59. Lee MH, Arcidiacono JA, Bilek AM, Wille JJ, Hamill CA, Wonnacott KM, Wells MA, Oh SS. 
Considerations for tissue-engineered and regenerative medicine product development prior to 
clinical trials in the united states. Tissue Eng. Part. B Rev. 2010; 16:41–54. [PubMed: 19728784] 

60. Lee JE, Park S, Park M, Kim MH, Park CG, Lee SH, Choi SY, Kim BH, Park HJ, Park JH, Heo 
CY, Choy YB. Surgical suture assembled with polymeric drug-delivery sheet for sustained, local 
pain relief. Acta Biomater. 2013; 9:8318–8327. [PubMed: 23770220] 

61. L’Heureux N, Dusserre N, Konig G, Victor B, Keire P, Wight TN, Chronos NA, Kyles AE, 
Gregory CR, Hoyt G, Robbins RC, McAllister TN. Human tissue-engineered blood vessels for 
adult arterial revascularization. Nat. Med. 2006; 12:361–365. [PubMed: 16491087] 

62. L’Heureux N, McAllister TN, de la Fuente LM. Tissue-engineered blood vessel for adult arterial 
revascularization. New Engl. J. Med. 2007; 357:1451–1453. [PubMed: 17914054] 

63. Lieber RL, Bodine-Fowler SC. Skeletal muscle mechanics: Implications for rehabilitation. Phys. 
Ther. 1993; 73:844–856. [PubMed: 8248293] 

64. Linke WA, Hamdani N. Gigantic business: titin properties and function through thick and thin. 
Circ. Res. 2014; 114:1052–1068. [PubMed: 24625729] 

65. Liu J, Hilderink J, Groothuis TA, Otto C, van Blitterswijk CA, de Boer J. Monitoring nutrient 
transport in tissue-engineered grafts. J. Tissue Eng. Regen. Med. 2013

66. Lucero HA, Kagan HM. Lysyl oxidase: an oxidative enzyme and effector of cell function. Cell. 
Mol. Life Sci. 2006; 63:2304–2316. [PubMed: 16909208] 

67. Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, Cogan TA, Dodson A, Martorell J, 
Bellini S, Parnigotto PP, Dickinson SC, Hollander AP, Mantero S, Conconi MT, Birchall MA. 
Clinical transplantation of a tissue-engineered airway. Lancet. 2008; 372:2023–2030. [PubMed: 
19022496] 

68. Macdonald ML, Samuel RE, Shah NJ, Padera RF, Beben YM, Hammond PT. Tissue integration of 
growth factor-eluting layer-by-layer polyelectrolyte multilayer coated implants. Biomaterials. 
2011; 32:1446–1453. [PubMed: 21084117] 

Webber et al. Page 20

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



69. MacNeil S. Progress and opportunities for tissue-engineered skin. Nature. 2007; 445:874–880. 
[PubMed: 17314974] 

70. Mangera A, Bullock AJ, Roman S, Chapple CR, MacNeil S. Comparison of candidate scaffolds for 
tissue engineering for stress urinary incontinence and pelvic organ prolapse repair. BJU Int. 2013; 
112:674–685. [PubMed: 23773418] 

71. Marston WA, Hanft J, Norwood P, Pollak R. The efficacy and safety of dermagraft in improving 
the healing of chronic diabetic foot ulcers: results of a prospective randomized trial. Diabetes Care. 
2003; 26:1701–1705. [PubMed: 12766097] 

72. Mathur AB, Collinsworth AM, Reichert WM, Kraus WE, Truskey GA. Endothelial, cardiac 
muscle and skeletal muscle exhibit different viscous and elastic properties as determined by 
atomic force microscopy. J. Biomech. 2001; 34:1545–1553. [PubMed: 11716856] 

73. Mestas J, Hughes CC. Of mice and not men: differences between mouse and human immunology. 
J. Immunol. 2004; 172:2731–2738. [PubMed: 14978070] 

74. Miller JS, Stevens KR, Yang MT, Baker BM, Nguyen DHT, Cohen DM, Toro E, Chen AA, Galie 
PA, Yu X, Chaturvedi R, Bhatia SN, Chen CS. Rapid casting of patterned vascular networks for 
perfusable engineered three-dimensional tissues. Nat. Mater. 2012; 11:768–774. [PubMed: 
22751181] 

75. Morelli AE, Thomson AW. Tolerogenic dendritic cells and the quest for transplant tolerance. Nat. 
Rev. Immunol. 2007; 7:610–621. [PubMed: 17627284] 

76. Nillesen ST, Geutjes PJ, Wismans R, Schalkwijk J, Daamen WF, van Kuppevelt TH. Increased 
angiogenesis and blood vessel maturation in acellular collagen-heparin scaffolds containing both 
FGF-2 and VEGF. Biomaterials. 2007; 28:1123–1131. [PubMed: 17113636] 

77. Nishida K. Tissue engineering of the cornea. Cornea. 2003; 22:S28–S34. [PubMed: 14703705] 

78. Odian, GG. Principles of Polymerization. Hoboken, NJ: Wiley-Interscience; 2004. 

79. Ommaya AK. Mechanical properties of tissues of the nervous system. J. Biomech. 1968; 1:127–
138. [PubMed: 16329300] 

80. Ott HC, Matthiesen TS, Goh SK, Black LD, Kren SM, Netoff TI, Taylor DA. Perfusion-
decellularized matrix: using nature’s platform to engineer a bioartificial heart. Nat. Med. 2008; 
14:213–221. [PubMed: 18193059] 

81. Ott HC, Clippinger B, Conrad C, Schuetz C, Pomerantseva I, Ikonomou L, Kotton D, Vacanti JP. 
Regeneration and orthotopic transplantation of a bioartificial lung. Nat. Med. 2010; 16:927–933. 
[PubMed: 20628374] 

82. Oxlund H, Manschot J, Viidik A. The role of elastin in the mechanical properties of skin. J. 
Biomech. 1988; 21:213–218. [PubMed: 3379082] 

83. Park KM, Woo HM. Systemic decellularization for multi-organ scaffolds in rats. Transpl. Proc. 
2012; 44:1151–1154.

84. Paul SM, Mytelka DS, Dunwiddie CT, Persinger CC, Munos BH, Lindborg SR, Schacht AL. How 
to improve r&d productivity: The pharmaceutical industry’s grand challenge. Nat. Rev. Drug 
Discov. 2010; 9:203–214. [PubMed: 20168317] 

85. Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ. Interaction with basement membrane 
serves to rapidly distinguish growth and differentiation pattern of normal and malignant human 
breast epithelial cells. Proc. Natl. Acad. Sci. USA. 1992; 89:9064–9068. [PubMed: 1384042] 

86. Place ES, George JH, Williams CK, Stevens MM. Synthetic polymer scaffolds for tissue 
engineering. Chem. Soc. Rev. 2009; 38:1139–1151. [PubMed: 19421585] 

87. Price AP, Godin LM, Domek A, Cotter T, D’Cunha J, Taylor DA, Panoskaltsis-Mortari A. 
Automated decellularization of intact, human-sized lungs for tissue engineering. Tissue Eng. Part 
C. 2014

88. Restifo NP, Marincola FM, Kawakami Y, Taubenberger J, Yannelli JR, Rosenberg SA. Loss of 
functional beta2-microglobulin in metastatic melanomas from five patients receiving 
immunotherapy. J. Natl. Cancer Inst. 1996; 88:100–108. [PubMed: 8537970] 

89. Rho J-Y, Kuhn-Spearing L, Zioupos P. Mechanical properties and the hierarchical structure of 
bone. Med. Eng. Phys. 1998; 20:92–102. [PubMed: 9679227] 

Webber et al. Page 21

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



90. Saher G, Brugger B, Lappe-Siefke C, Mobius W, Tozawa R, Wehr MC, Wieland F, Ishibashi S, 
Nave KA. High cholesterol level is essential for myelin membrane growth. Nat. Neurosci. 2005; 
8:468–475. [PubMed: 15793579] 

91. Salinas CN, Anseth KS. The enhancement of chondrogenic differentiation of human mesenchymal 
stem cells by enzymatically regulated RGD functionalities. Biomaterials. 2008; 29:2370–2377. 
[PubMed: 18295878] 

92. Salvatori M, Katari R, Patel T, Peloso A, Mugweru J, Owusu K, Orlando G. Extracellular matrix 
scaffold technology for bioartificial pancreas engineering: State of the art and future challenges. J. 
Diabetes Sci. Technol. 2014; 8:159–169. [PubMed: 24876552] 

93. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W, Richards DR, McDonald-
Smith GP, Gao H, Hennessy L, Finnerty CC, Lopez CM, Honari S, Moore EE, Minei JP, 
Cuschieri J, Bankey PE, Johnson JL, Sperry J, Nathens AB, Billiar TR, West MA, Jeschke MG, 
Klein MB, Gamelli RL, Gibran NS, Brownstein BH, Miller-Graziano C, Calvano SE, Mason PH, 
Cobb JP, Rahme LG, Lowry SF, Maier RV, Moldawer LL, Herndon DN, Davis RW, Xiao W, 
Tompkins RG. Genomic responses in mouse models poorly mimic human inflammatory diseases. 
Proc. Natl. Acad. Sci. USA. 2013; 110:3507–3512. [PubMed: 23401516] 

94. Shah NJ, Macdonald ML, Beben YM, Padera RF, Samuel RE, Hammond PT. Tunable dual growth 
factor delivery from polyelectrolyte multilayer films. Biomaterials. 2011; 32:6183–6193. 
[PubMed: 21645919] 

95. Shah NJ, Hyder MN, Moskowitz JS, Quadir MA, Morton SW, Seeherman HJ, Padera RF, Spector 
M, Hammond PT. Surface-mediated bone tissue morphogenesis from tunable nanolayered implant 
coatings. Sci. Transl. Med. 2013; 5:191ra183.

96. Sharma B, Fermanian S, Gibson M, Unterman S, Herzka DA, Cascio B, Coburn J, Hui AY, 
Marcus N, Gold GE, Elisseeff JH. Human cartilage repair with a photoreactive adhesive-hydrogel 
composite. Sci. Transl. Med. 2013; 5:167ra166.

97. Shen YH, Shoichet MS, Radisic M. Vascular endothelial growth factor immobilized in collagen 
scaffold promotes penetration and proliferation of endothelial cells. Acta Biomater. 2008; 4:477–
489. [PubMed: 18328795] 

98. Shultz LD, Ishikawa F, Greiner DL. Humanized mice in translational biomedical research. Nat. 
Rev. Immunol. 2007; 7:118–130. [PubMed: 17259968] 

99. Singh A, Lu Y, Chen C, Cavanaugh JM. Mechanical properties of spinal nerve roots subjected to 
tension at different strain rates. J. Biomech. 2006; 39:1669–1676. [PubMed: 15996674] 

100. Song JJ, Guyette JP, Gilpin SE, Gonzalez G, Vacanti JP, Ott HC. Regeneration and experimental 
orthotopic transplantation of a bioengineered kidney. Nat. Med. 2013; 19:646–651. [PubMed: 
23584091] 

101. Starzl TE, Murase N, Abu-Elmagd K, Gray EA, Shapiro R, Eghtesad B, Corry RJ, Jordan ML, 
Fontes P, Gayowski T, Bond G, Scantlebury VP, Potdar S, Randhawa P, Wu T, Zeevi A, 
Nalesnik MA, Woodward J, Marcos A, Trucco M, Demetris AJ, Fung JJ. Tolerogenic 
immunosuppression for organ transplantation. Lancet. 2003; 361:1502–1510. [PubMed: 
12737859] 

102. Sussman EM, Halpin MC, Muster J, Moon RT, Ratner BD. Porous implants modulate healing 
and induce shifts in local macrophage polarization in the foreign body reaction. Ann. Biomed. 
Eng. 2013:1–9.

103. Thomas PK. The connective tissue of peripheral nerve: an electron microscope study. J. Anat. 
1963; 97:35–44. [PubMed: 13981107] 

104. Tzanakakis ES, Hess DJ, Sielaff TD, Hu WS. Extracorporeal tissue engineered liver-assist 
devices. Annu. Rev. Biomed. Eng. 2000; 2:607–632. [PubMed: 11701525] 

105. Unger RE, Peters K, Huang Q, Funk A, Paul D, Kirkpatrick CJ. Vascularization and gene 
regulation of human endothelial cells growing on porous polyether-sulfone (PES) hollow fiber 
membranes. Biomaterials. 2005; 26:3461–3469. [PubMed: 15621235] 

106. Utzschneider S, Paulus AC, Schroder C, Jansson V. Possibilities and limits of modern 
polyethylenes: with respect to the application profile. Der Orthopade. 2014; 43:515–521. 
[PubMed: 24832377] 

Webber et al. Page 22

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



107. Uygun BE, Soto-Gutierrez A, Yagi H, Izamis ML, Guzzardi MA, Shulman C, Milwid J, 
Kobayashi N, Tilles A, Berthiaume F, Hertl M, Nahmias Y, Yarmush ML, Uygun K. Organ 
reengineering through development of a transplantable recellularized liver graft using 
decellularized liver matrix. Nat. Med. 2010; 16:814–820. [PubMed: 20543851] 

108. Wang JH. Mechanobiology of tendon. J. Biomech. 2006; 39:1563–1582. [PubMed: 16000201] 

109. Wang TY, Bruggeman KA, Sheean RK, Turner BJ, Nisbet DR, Parish CL. Characterisation of the 
stability and bio-functionality of tethered proteins on bioengineered scaffolds: implications for 
stem cell biology and tissue repair. J. Biol. Chem. 2014; 289:15044–15051. [PubMed: 24700461] 

110. Webber MJ, Tongers J, Newcomb CJ, Marquardt KT, Bauersachs J, Losordo DW, Stupp SI. 
Supramolecular nanostructures that mimic VEGF as a strategy for ischemic tissue repair. Proc. 
Natl. Acad. Sci. USA. 2011; 108:13438–13443. [PubMed: 21808036] 

111. Witkowski P, Sondermeijer H, Hardy MA, Woodland DC, Lee K, Bhagat G, Witkowski K, See 
F, Rana A, Maffei A, Itescu S, Harris PE. Islet grafting and imaging in a bioengineered 
intramuscular space. Transplantation. 2009; 88:1065–1074. [PubMed: 19898201] 

112. Wu W, Feng X, Mao T, Ouyang HW, Zhao G, Chen F. Engineering of human tracheal tissue with 
collagen-enforced poly-lactic-glycolic acid non-woven mesh: a preliminary study in nude mice. 
Br. J. Oral. Maxillofac. Surg. 2007; 45:272–278. [PubMed: 17097777] 

113. Yannas IV, Burke JF, Orgill DP, Skrabut EM. Wound tissue can utilize a polymeric template to 
synthesize a functional extension of skin. Science. 1982; 215:174–176. [PubMed: 7031899] 

114. Yeong WY, Chua CK, Leong KF, Chandrasekaran M. Rapid prototyping in tissue engineering: 
challenges and potential. Trends Biotechnol. 2004; 22:643–652. [PubMed: 15542155] 

115. Zhang L, Cao Z, Bai T, Carr L, Ella-Menye JR, Irvin C, Ratner BD, Jiang S. Zwitterionic 
hydrogels implanted in mice resist the foreign-body reaction. Nat. Biotechnol. 2013; 31:553–556. 
[PubMed: 23666011] 

116. Zhao L, Lee VK, Yoo SS, Dai G, Intes X. The integration of 3-d cell printing and mesoscopic 
fluorescence molecular tomography of vascular constructs within thick hydrogel scaffolds. 
Biomaterials. 2012; 33:5325–5332. [PubMed: 22531221] 

Webber et al. Page 23

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Webber et al. Page 24

TABLE 1

Comparative table of most relevant mechanical properties and compositions for major tissue types.

Tissue type Modulus Composition Major chemical constituents

Bone89 10 GPa (tensile)
8.7 GPa (buckling)

70% HAP, 18% Col, 10% water HAP, Col I

Cartilage2 300 kPa (shear) 75% water, 15% Col, 6% GAG Col II, CS

Tendon108 500–660 MPa (tensile) 60% water, 30% Col, 3% PG, 2% elastin Col I, elastin

Peripheral nerve99 1.3–2.9 MPa (tension) 78% water, 11% lipids, 8% protein Galatocerebroside, cholesterol

Brain79,90 8–15 kPa (shear)

Muscle72 25–100 kPa (indentation) Cellularly dense, striated, arranged in sarcomeres Myosin, actin, titin

Skin31 1–2 MPa (indentation) Cellularly dense Col I, keratin, Col IV

This table is not meant to be exhaustive, but to demonstratively compare tissue mechanics and compositions.

Col collagen, HAP hydroxyapatite, GAG glycosaminoglycan, PG proteoglycan.

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 10.


