[image: image1]Mechanical Considerations of Bioprinted Tissue

		MINI REVIEW
published: 28 October 2020
doi: 10.3389/fmech.2020.568726


[image: image2]
Mechanical Considerations of Bioprinted Tissue
Hannah A. Strobel, Sarah M. Moss and James B. Hoying*
Advanced Solutions Life Sciences, Manchester, NH, United States
Edited by:
Bahattin Koc, Sabancı University, Turkey
Reviewed by:
Subhadip Bodhak, Central Glass and Ceramic Research Institute (CSIR), India
Srikanth Bontha, National Institute of Technology, Karnataka, India
Sourabh Ghosh, Indian Institute of Technology Delhi, India
* Correspondence: James B. Hoying, jhoying@advancedsolutions.com
Specialty section: This article was submitted to Digital Manufacturing, a section of the journal Frontiers in Mechanical Engineering
Received: 02 June 2020
Accepted: 05 October 2020
Published: 28 October 2020
Citation: Strobel HA, Moss SM and Hoying JB (2020) Mechanical Considerations of Bioprinted Tissue. Front. Mech. Eng. 6:568726. doi: 10.3389/fmech.2020.568726

Bioprinting enables the fabrication of engineered tissues with complex features and is conducive to automated tissue manufacturing and scale up. As cell systems and tissues are dynamic and very responsive to environmental cues, including biomechanical stimuli, the form and function of bioprinted tissues can change dramatically after printing. Here, we discuss tissue biomechanics relevant to printed cell systems and tissues emphasizing the dynamic and complex relationship between cell behavior, matrix deposition, and tissue forces. Furthermore, we provide perspectives on the control and manipulation of mechanical forces and designed boundary conditions for tissue constructs in printing-based approaches and strategies.
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INTRODUCTION
There are many considerations when designing a tissue, including shape, cell composition, matrix elements, and any needed maturation processes. The complex interplay between the varied components, including mechanical dynamics, can greatly influence the form and function of a fabricated tissue. Bioprinting is a rapidly progressing field, enabling the fabrication of a variety of biomedical-related constructs and structures, including tissue therapeutics (Datta et al., 2017; Xiang et al., 2020), in vitro tissue models and phantoms (Mao et al., 2020; Mota et al., 2020; Sasikumar et al., 2020), and biomedical devices (Bedell et al., 2020). Furthermore, bioprinting, as a type of additive manufacturing, is amenable to scaled up tissue fabrication and manufacturing, an important consideration as clinical use of fabricated tissues increases (Wu et al., 2017; Skylar-Scott et al., 2019; Castilho et al., 2020). The development of materials compatible with cells and other biologics, so called “bioinks” has also exploded involving a variety of artificial and native material types (Chimene et al., 2016; Chan et al., 2020; Cui et al., 2020), material sourcing (Abaci and Guvendiren, 2020), curing features (GhavamiNejad et al., 2020), and utilities (Whitford and Hoying, 2016; Unagolla and Jayasuriya, 2020). While the practical aspects and applications involving bioprinting are actively explored (as indicated by the recent burst of informative reviews on bioprinting and bioinks), the integration of biological responses and dynamics in bioprinted systems are less addressed. Given that biological systems are very attuned to the environmental cues, including those created via bioprinting, considerations as to how these different cues, such as with biomechanical forces, are critical in producing appropriate tissues and tissue constructs. In this mini review, we discuss the importance of tissue mechanical properties and the associated challenges when manufacturing a bioprinted tissue.
“4D” BIOPRINTING OF TISSUES
Conceptually, 3D printing of biological systems is in practice a “4D” process, with dynamic responses and adaptations occurring (the fourth aspect) after printing of the 3D structure (Whitford and Hoying, 2016). In the context of materials and biomaterials science, 4D typically refers to changes in form and function of a printed object due to intrinsic, often self-actuating, features used in the print (Unagolla and Jayasuriya, 2020). For example, printed materials that swell in the presence of an additive or deform secondary to intramolecular interactions following exposure to light (Clegg et al., 2019). The additional functionalities of these so called “smart materials” contribute to programmed and anticipated changes in shape beyond the initial printed form.
Translating this 4D concept to biological systems, cellular systems also undergo spontaneous, self-actuated activities following printing, such as proliferation, differentiation, matrix deposition, and organization. Biomolecules and cells are constantly responding to environmental cues including those derived from biochemical signals, cell:cell communications, and biomechanical forces. Biomechanical cues manifest in a variety of ways such as contact guidance by the extracellular matrix, internal stresses generated by the cells themselves, external forces applied to the tissue environment, and boundary condition constraints. Rarely will a 3D printed tissue or tissue model remain as it was when printed (Figure 1).
[image: Figure 1]FIGURE 1 | The dynamics of tissue maturation. Initial determination of bioink composition, mechanical stimulation parameters, and biochemical stimuli will direct tissue remodeling and the resultant mechanical and functional properties of the tissue. This dynamic process continues after implantation, as the biological environment (mechanical and biochemical) triggers further remodeling and changes in tissue properties.
All of these cues can influence the outcome of a fabricated tissue construct. While these post-printing dynamics can frustrate efforts to derive a tissue with a specific form and function, they can also be leveraged as part of a fabrication strategy to produce desired outcomes that might otherwise be difficult to pre-ordain. For example, when angiogenic vessel segments are printed in parallel arrangements using 3D printing, the microvasculature that formed after implantation did not keep this pre-patterned topology (Chang et al., 2012). However, 3D printing the microvessel segments while simultaneously constraining boundary conditions favorable to vessel alignment during remodeling did produce the desired topology due to secondary effects of matrix strain on the microvessels (Chang et al., 2012; Underwood et al., 2014). Here, leveraging external mechanical cues was essential for creating the desired tissue properties, more so than initial placement of vessel segments during fabrication. Similarly, leveraging the intrinsic contractile capabilities of fibroblasts produces thin, tissue fibers with high tensile strengths that would otherwise be difficult to immediately derive (Li et al., 2016; Nakanishi et al., 2019). In virtually all cases, and highlighted by these examples, the dynamic interplay between the cells, the ECM (whether native or artificial), and the boundary conditions of the tissue construct profoundly influence outcomes and, consequently, initial design and tissue printing strategies.
THE TISSUE ENVIRONMENT: ECM
Often intimately associated with the cellular elements of a tissue, the ECM is an essential component to the tissue environment. Comprising a complex network of diverse biomolecules, the ECM provides a variety of physical and biochemical cues to cells determining cell phenotype and, ultimately, tissue function (Discher et al., 2009; Murphy et al., 2014; Arteel and Naba, 2020; Espana and Birk, 2020). Furthermore, the ECM establishes much of the mechanical properties of tissues, alone or in combination with cells, as well as influences cell behaviors contributing to the active mechanical aspects of each tissue (Arteel and Naba, 2020). For example, the high mechanical strength and viscoelasticity of tendons are related to the structured collagen matrix comprising the tendon (Wang et al., 2012). Similarly, the layering of collagen establishes transparency in the cornea (Espana and Birk, 2020). Additionally, matrix elements of the heart, in combination with the cytoskeleton of the myocytes, contribute to the passive mechanics of the heart (Granzier and Irving, 1995). Much of the ECM-based structural features of soft tissues involve classes of collagen, elastin, and proteoglycans (Holzapfel, 2000). These molecules establish the viscoelastic properties of the matrix environment and often are organized differently depending on the tissue type (Holzapfel, 2000; Ricard-Blum, 2011). For example, as mentioned earlier, tendons and ligaments exhibit highly aligned, thick collagen fibers that optimize the strength along one axis of the tissue. In contrast, interstitial tissues, which are less mechanically robust, exhibit a loosely structured, porous net of matrix fibrils enabling nutrient delivery and diffusion (Jansen et al., 2018). Harder tissues, namely bone, have an additional large mineral component. About 70% of bone is comprised of the mineral hydroxyapatite. This gives the tissue great compression strength, while collagen (approximately 22%) increases the tension and torsional strength of the tissue. Importantly, in the context of tissue fabrication, and bioprinting in particular, how much and of what type of matrix to be included in the print are essential for desired biological outcomes. The presence of one cue in the absence of another, while still resulting in a tissue being formed with some level of function, can lead to an outcome that is undesired (i.e., does not accurately recapitulate the in vivo setting). For example, while hydroxyapatite imparts a necessary stiffness, an excess can cause brittleness in bone (Zioupos et al., 1999; Augat and Schorlemmer, 2006). Similarly, different imbalances in the “matrisome” of the liver are thought to contribute to the variety of different liver diseases (Arteel and Naba, 2020). Breast cancer cells grown on matrices of similar stiffness yet providing different matrix-derived biochemical cues displayed different morphologies, differentiation states, and metabolic profiles (Ruud et al., 2020). Thus, a key challenging aspect of tissue fabrication and bioprinting is packaging enough matrix mechanics and biological signals in a form that is printable and amenable to manipulation. Fortunately, due to the highly dynamic nature of cell systems, all aspects do not necessarily need to be in place at the time of fabrication; only those features that can initiate and facilitate the evolution/maturation of the tissue once printed are required.
THE TISSUE ENVIRONMENT: TISSUE MECHANICS
As mentioned, most printing of tissue models and tissues involve one or more “post-processing” phases after the print. During this period, cells may proliferate to expand their numbers, secrete and organize matrix proteins to change the structural and mechanical properties of the tissue, and further differentiate toward more functional phenotypes. The inclusion of biochemical signals in the form of small molecule drugs, growth factors, or other media additives are common approaches to promote or guide post-print outcomes. Tissue mechanics can also be leveraged to influence cell biology and directly establish tissue function. For example, when mesenchymal stem cells are cultured in 3D gels, stiffer environments promote expression of bone differentiation markers, while softer environments promote myogenic and neural markers (Engler et al., 2006; Pek et al., 2010). Increased collagen fibril density can slow neovessel growth and reduce branching in a neovascular network formed by angiogenesis (Edgar et al., 2014b). Moreover, cells seeded in matrix with aligned elements will elongate and migrate faster, via contact guidance, than cells seeded in a disorganized matrix (Carey et al., 2016). Similarly, collagen fibrils patterned via applied mechanical strain orient mammary epithelium directed duct branching morphogenesis (Brownfield et al., 2013). Moreover, fibril organization affects cell migration, gene expression, matrix production and cell morphology in a variety of cell types (Wang et al., 2015; Newman et al., 2016). Cyclic compression of fabricated bone precursors promote osteogenesis and mineralization (Ravichandran et al., 2017). Conversely, cyclic stretch of engineered skeletal muscle improved elasticity and contraction strength (Powell et al., 2002; Moon du et al., 2008). In an angiogenic tissue environment, altering the boundary conditions of the environment such that growing neovessels generate anisotropic strains results in a neovasculature with parallel vessel segments (Chang et al., 2012; Underwood et al., 2014). However, intravascular blood flow abolished this aligned organization, which could be re-established if new boundary conditions were imposed during flow-induced remodeling (Chang et al., 2012). These examples highlight the concept that matrix composition and density, matrix microstructure, and boundary conditions, all profoundly influence stress-strain dynamics and therefore cell behavior and provide a means to manipulate the tissue environment to obtain desired functional outcomes after tissue fabrication.
BIOPRINTING AND MECHANICAL MODELING
Given that bioprinting is distinctly capable of rapidly creating structures with unique shapes, it is an ideal fabrication approach to incorporate the influence of boundary conditions in a tissue fabrication strategy. In addition to forming the tissue construct to specific anatomical shapes and features, bioprinting enables the inclusion of other features that, after externally and/or internally applied stresses or stimuli, leads to specific “4D printed” outcomes. To fully leverage these approaches, computational modeling of tissue forces and movements will prove immensely useful in both designing initial printed shapes and predicting post-printing outcomes as the biology matures and remodels. For example, 4D printing approaches in combination with mathematical modeling of growth and morphogenesis are being explored in building brain tissue models and phantoms to study the effects of cortical folding in the context of stem cell behavior (Bayly et al., 2014; Esworthy et al., 2019). Similarly, computational studies of tissue growth or cellular fusion post-printing, dynamics of shear stresses in tissues, mass transfers, architectural features, etc. in the simulation of conformational changes and the influence of boundary conditions will have a significant impact on tissue fabrication. Specific to bioprinting, mechanobiological studies are contributing to the development of bioprinting materials with tunable mechanical and rheological properties (Vijayavenkataraman et al., 2018). Additionally, decades of work examining biomechanical processes, too many to cite here, is relevant to bioprinting-based strategies for tissue fabrication. Modeling of collagen fibril dispersion within soft tissues to predict stress and deformation characteristics (Holzapfel et al., 2019) coupled with finite element model-based simulations of growing neovessel and collagen fibril dynamics during angiogenesis, (Edgar et al., 2014a; Edgar et al., 2014b; Edgar et al., 2015), for example, could be useful in designing final microvascular topologies. An understanding of the cellular aggregate fusion process and tissue environment dynamics could provide a design framework to fabricate tissue microarchitectures that are beyond bioprinting resolution (Sun et al., 2014; Robu et al., 2019). In a different application, but still relevant to bioprinting, computational force modeling of the tip movement inside gels with different viscoelastic properties was used to design and create channels within the material (Barua et al., 2020). Similarly, a combination of physical modeling of acoustic waves and engineering solutions was used to pattern cells within a bioprinted cartilage precursor via ultrasound (Chansoria et al., 2019).
EVALUATING ENGINEERED TISSUE MECHANICS
The mechanical properties of bioprinted tissues are assessed as with any other tissue, native or constructed. As such, choosing which tests to perform, and how to perform them, is often as important as the test itself. For example, bone, which primarily experiences compressive forces, typically undergoes compressive testing, in contrast to skin or ligaments which are assessed for tensile strength. Importantly, most tissues are anisotropic and exhibit non-linear stress-strain dynamics, which results in different elastic moduli depending on the magnitude and frequency of the applied stresses (Holzapfel and Ogden, 2003). Thus, it is important when performing such measurements that physiologically relevant stresses are applied. In printing vascular grafts, matching the native elastic modulus is critical for graft success. If the graft is too stiff or too elastic it can create complications that lead to stenosis, failure, and potentially death (Abbott et al., 1987). This can be challenging, as mechanical properties vary from person to person and between healthy and diseased tissue. If the modulus is measured at stresses much higher or much lower than what a vessel would normally experience, it will not accurately predict vessel behavior in vivo. Thus, measuring the elastic modulus properly, at physiological stresses, is essential for obtaining an accurate tissue assessment (Holzapfel and Ogden, 2003). Here, 3D printing can be advantageous as structures facilitating testing can be incorporated into the tissue design. Tensile testing typically involves holding two points of a tissue and stretching it, either cyclically or until failure. Inclusion of grip tabs as part of the tissue to facilitate tissue clamping or gripping affords easier use in the testing process and potentially mitigates complications related to gluing or joining grip tabs (Strobel et al., 2018).
Indentation testing, where a small probe applies force to a tissue and records force and displacement, is being used more as a non-destructive method to determine the elastic modulus of a tissue under non-destructive stresses (Samur et al., 2007). This method can yield different results than standard tensile tests, although as long as appropriate controls are used the data is equally valid (McKee et al., 2011). In the future, perhaps non-destructive testing methods can be incorporated directly within tissue bioreactors. This would enable better monitoring of tissue mechanics during maturation, and protocols such as biochemical and mechanical stimulation could be automatically modified to fine-tune the mechanical properties of the construct.
An important aspect of fabricating tissues, particularly for therapeutic use, relates to the usability by the clinical end user. For example, if a fabricated tissue graft is to be sewn in, then issues of suture retention and mechanical matching to the tissues at the site of implant become design parameters. Similarly, “surgical feel” and “handleability” of the tissue implant, such that it withstands the manipulations involved in implanting and fixating the tissue into the patient, are also important to explore. While bone tissues, by their nature, are rigid and sufficiently robust to be handled, their ability to accommodate fixation screws and plates may need to be considered. Thus, not only the tissue application but also how it’s implemented, whether as a clinical implant or as a tissue model, is important to consider in the design and fabrication process.
SUMMARY AND PERSPECTIVES
Whether the outcome is to support weight loading, retain sutures, or resist shear, for example, many tissues are designed and fabricated to meet select mechanical specifications in a variety of applications. Furthermore, the tissue products may need to be uniquely shaped or constructed to reflect its use, such as a bone graft fitted to the geometry of a segmental defect or a tissue model configured to accommodate an assay format. As such, bioprinting is an enabling approach to fabricate bespoke tissue forms while preserving much of the biology relevant to forming tissues. Numerous factors contribute to the final fabrication outcomes, including the mechanical properties of any materials used in printing the initial tissue construct, but none more important than the dynamic interplay between the cellular elements of the tissue construct and the surrounding tissue environment. Within a tissue, native or fabricated, the cells exert force on (often as tension) and change the tissue environment while the environmental mechanics influence cell behavior in a complex reciprocal manner. Indeed, the responsiveness and adaptability that occurs during and after tissue fabrication is a hallmark features of biological systems. This dynamic may prove challenging in producing a prescribed tissue, as it can be important to match environmental cues to establish the desired tissue biology. However, it can also be leveraged in a bioprinting-based fabrication strategy to generate outcomes that might be otherwise difficult to establish. For example, some strategies use the internal forces generated by cells and cell systems in combination with initial boundary conditions, something readily established with bioprinting, to influence final tissue architecture and behavior. Others are building computational models to make predictions as to how a tissue form might change following cell activity or tissue construct maturation. There is considerable opportunity for innovative approaches that recognize the tissue will change, in response to the cues present, and designs a fabrication strategy that necessarily rely on cell behaviors responding to controllable mechanical cues.
While this perspective can be applied to many different applications involving fabricated tissues, it may not always be an option. The idea of manufacturing tissues “on demand,” for example, would require constructs to be immediately implantable for patients who cannot afford to wait weeks and months for a tissue to mature. In this case, the same governing principles apply. However, the focus is on assembling the most appropriate combinations of materials, matrices, cellular elements, and design features that establish and maintain the necessary mechanical support needed for immediate implantation. Yet, it’s important to consider that once implanted, the tissue construct will undergo changes, desired or otherwise, as dictated by the new tissue environment.
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