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The mechanical performance of tissue-engineered grafts is crucial in determining their functional properties, integration with native tissue and long-term repair outcome post-implantation. To date, most approaches for testing the mechanical properties of tissue-engineered grafts are non-sterile and invasive. There is an urgent need to develop novel sterile approaches for online monitoring mechanical properties of engineered tissues in order to ensure these engineered products meet the desired mechanical strength prior to implantation. In this paper, we overview various approaches for mechanical testing of engineered tissues, which span from traditional methods to medical imaging concepts in magnetic resonance elastography, ultrasound elastography, and optical coherence elastography. We focused on the applicability of these methods to the manufacturing of tissue-engineered products online, e.g., if such approach provides a sterile monitoring capacity and is capable of defining mechanical heterogeneity in engineered tissues throughout their growth in vitro in real-time. The review delves into various imaging modalities that employ distinct methods for inducing displacement within the sample, utilizing either strain-based or shear wave-based approaches. This displacement can be achieved through external stimulation or by harnessing ambient vibrations. Subsequently, the imaging process captures and visualizes the resultant displacement. We specifically highlight the advantages of novel non-invasive imaging methods such as ultrasound elastography and optical coherence elastography to assess the mechanical properties of engineered tissues in vitro, as well as their potential applications in cancer study, drug screening and the in vivo evaluation of the engineered tissues.
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1 INTRODUCTION
Tissue engineering strategies offer a promising approach for replacing diseased and damaged tissues in patients such as cartilage, bone, tendon and blood vessels (El et al., 2005; Sharma et al., 2005). Most of these tissues experience a highly challenging biomechanical environment in vivo. The mechanical properties of tissue-engineered grafts determine their functional performance, integration with native tissue as well as long-term repair outcomes post-implantation (Vijayavenkataraman et al., 2018). Therefore, monitoring their mechanical properties during culture and characterizing them prior to implantation is important for defining their ultimate quality and clinical outcomes.
Tissue engineered grafts, including tissue engineered skin and bone, are reaching clinical readiness, and manufacturing these grafts requires regulatory assurance (Trommelmans et al., 2008). Reproducibility, product metrics, guidelines and manufacturing confidence parameters are required for tissue-engineered or biofabricated products to be used in the clinic. To achieve this, manufacturing protocols that define parameters during production and the ability to monitor in vitro cultures are required. The main parameters that should be assessed are both the bulk and spatial mechanical properties of engineered tissues.
Current challenges in assessing the mechanical properties of tissue engineering products throughout their fabrication are multiple. First, conventional mechanical testing methodologies typically necessitate the direct interaction of the mechanical load with the sample, a process that is inherently non-sterile and destructive. Secondly, they provide only the bulk mechanical properties of the graft while most native organs and tissues are heterogeneous in nature with distinctive biomechanical and structural heterogeneity. Engineering tissues with such native-like biomechanical and structural heterogeneity is crucial to ensure function after implantation (Klein et al., 2009a; Klein et al., 2009b; Khoshgoftar et al., 2013).
Therefore, we believe that scaling up translational applications of tissue engineering will require the integration of technologies able to monitor bulk mechanical properties as well as the spatial mechanical heterogeneity in a contactless and non-destructive manner as tissues develop in bioreactors.
Here we briefly review and discuss potential candidates, based on imaging, to answer these challenges by providing a sterile monitoring capacity and access to the mechanical heterogeneity in engineered tissues in addition to bulk mechanical properties (Dalecki et al., 2016; Kim and Wagner, 2016; Kim et al., 2016; Larin and Sampson, 2017; Othman et al., 2015).
2 CONVENTIONAL APPROACHES
A common approach for mechanically testing biomaterials and engineered tissues involves compressing or stretching test samples while monitoring the corresponding the sample response to the induced changes. Typically, the force change is measured by a load cell while displacement is measured through a mechanical actuator or via video recording. Elastic modulus is then calculated from the stress-strain curve. Such approaches have been widely used for testing the mechanical properties of various tissue engineered grafts such as engineered skin (Sander et al., 2014), bladder (Rosario et al., 2008), cartilage (Luo et al., 2015), bone (Freeman et al., 2019) and tendon (Webb et al., 2013).
There are many commercially available pieces of equipment for conducting tests using these approaches. For example, the Bose ElectroForce from TA Instruments has been widely used for testing large-sized tissue engineered constructs (ranging from millimetre to centimetre scale) (Luo et al., 2015), whereas the Microtester from CellScale Biomaterials Testing has been mainly used for testing smaller-sized samples, such as cell spheroids and hydrogel microspheres (Cortes et al., 2019). A common limitation of these systems is that tests are usually conducted in a non-sterile manner leading to the termination of tissue culture. This implies that once tested they can no longer be used for implantation. Additionally, most measurements typically employ a 5%–10% strain, which can potentially damage the tissue’s structure and mechanical properties.
Recently, several instrument companies have started to produce systems suitable for online monitoring of mechanical properties of tissue engineered grafts. For example, the BioDynamic system developed by TA Instruments functions as both a mechanical stimulation bioreactor and a mechanical testing machine. In this system, the test is also conducted by measuring force and displacement, however, within a sterile chamber. Thus, samples can be returned to culture afterwards, enabling online monitoring of growing constructs. In addition to these commercial systems, researchers have also started to design their own bespoke systems for sterile online monitoring mechanical properties of engineered tissues. For example, Ahearne et al. developed an indentation system suitable for online monitoring viscoelastic properties of thin hydrogel-based constructs such as tissue engineered corneal (Figure 1) (Ahearne et al., 2005). Kortsmit et al. developed a perfusion bioreactor system that is capable of online monitoring mechanical properties of tissue engineered heart valves (Kortsmit et al., 2009a; Kortsmit et al., 2009b).
[image: Figure 1]FIGURE 1 | A schematic of the instrument system developed for sterile mechanical testing, designed to induce and measure deformation, as well as assess the creep behavior of membranes. (A) Sterile testing chamber consisting of a sample holder and an autoclavable stainless steel indentation ball. (B) long working distance microscope; (C) camera; (D) precision X–Y translation stage; (E) image analysis software; (F) incubator. Reproduced from Ahearne et al. with permission (Ahearne et al., 2005).
While promising, most new commercial and bespoke systems developed so far have limitations in the size or geometry of the test samples. For example, BioDynamic from TA Instruments is designed for testing large-sized tissue engineered grafts of millimetres and centimetres scale, not suitable for micro-tissues such as cell spheroids. Systems developed by Ahearne et al. and Kortsmit et al. have specific shape requirements, e.g., thin engineered tissues and engineered heart valves respectively (Ahearne et al., 2005; Kortsmit et al., 2009a). Furthermore, testing results derived from these systems only reflect bulk mechanical properties of the graft, gaining no insight into the spatial variation in mechanical properties throughout the 3D structure.
3 ELASTOGRAPHY
Elastography is a medical imaging technique to map the mechanical properties of the test sample. It is conducted through applying either a force or mechanical wave onto the sample and then measuring the subsequent deformation or propagation of the shear wave within the sample (Kim et al., 2016). It is usually classified by imaging modalities (e.g., Magnetic resonance imaging (MRI), Ultrasound imaging (UI) and Optical coherence tomography (OCT)) and mechanical excitation methods (e.g., strain-based or shear wave-based). These methods will be discussed in detail in this review. Elastography offers a few advantages over the traditional approaches outlined above on measuring mechanical properties of tissue-engineered products. First, elastography offers details in spatial biomechanical and structural heterogeneity within the engineered tissue (Dalecki et al., 2016; Kim and Wagner, 2016; Larin and Sampson, 2017; Othman et al., 2015). Secondly, shear wave-based elastography induce micro to nanometre scale displacements, which is non-destructive and has minimum impact on the structure and biomechanical properties of the sample (Kim et al., 2016). Lastly and most importantly, the emergence of novel non-contact excitation methods in ultrasound elastography (Kim and Wagner, 2016) and optical coherence elastography (Kennedy et al., 2017; Larin and Sampson, 2017) have promoted new developments in sterile online monitoring of tissue engineered constructs.
3.1 Magnetic resonance elastography (MRE)
MRE uses MRI to map the stiffness of test samples. MRI is commonly used in clinics for medical diagnosis as it offers high-quality contrast between neighbouring soft tissues. Clinical MRI scanners offer a resolution at around 1mm, while customized scanners for research purpose can reach as low as 80 µm in resolution (Van Reeth et al., 2012). MRE has been clinically used to study pathological changes in tissue stiffness such as in tumour formation (McKnight et al., 2002; Bohte et al., 2018), liver fibrosis (Shire et al., 2011; Zhang et al., 2020) and osteoarthritis onset (Mariappan et al., 2010). However, only a few studies have investigated MRE for monitoring mechanical properties of tissue engineered grafts. Among these, two major methods have been used to map mechanical properties of engineered tissues: strain-based (Neu et al., 2009; Griebel et al., 2014) and shear wave-based (Curtis et al., 2012; Yin et al., 2014) MRE.
3.1.1 Strain-based MRE
Strain-based MRE maps the displacement and strain within the engineered tissue under compression using MRI. Neu et al. inserted an in vitro tissue engineered cartilage construct (agarose seeded with chondrocytes) into a native explant and compared the deformation of tissue engineered construct and the native cartilage under compression (Neu et al., 2009). MRI showed a significantly higher strain in the engineered construct compared to the native tissue, which correlates with the lower amount of proteoglycan in the engineered construct, demonstrating the potential of MRE in evaluating mechanical functions of tissue engineered constructs in cartilage defect model. In a follow-on study, they fabricated a bilayer acellular agarose construct (2% + 4% agarose) and tracked its deformation under compression. A significantly higher strain was observed in the softer 2% agarose layer (Figure 2), demonstrating that MRE can be used to map biomechanical heterogeneity in engineered tissues (Griebel et al., 2014). While promising, elastic modulus was not reported in these studies as the applied force was not quantified. Furthermore, sterile online monitoring was not achieved in these studies.
[image: Figure 2]FIGURE 2 | Transverse and axial images demonstrating two-dimensional internal strain fields measured by dualMRI. 2% agarose gel, 4% agarose gel and bilayer agarose gel with either 2% gel or 4% gel on the top were compressed using a custom-designed indentation system, and the deformation of samples was tracked with MRI. Transverse and axial strain fields were shown for each sample type. Adapted from Griebel et al. with permission (Griebel et al., 2014).
3.1.2 Shear wave-based MRE
Shear wave-based MRE involves applying a harmonic mechanical excitation onto samples and tracking the propagation of the shear wave in the sample using MRI to compute and map the stiffness of the sample (Kim et al., 2016). A harmonic mechanical excitation is generated using a piezo actuator resulting in the propagation of a shear wave into the samples (Curtis et al., 2012; Yin et al., 2014). Phase contrast MRI is then used to capture shear wave images in the sample and calculate its velocity propagating in the sample. Assuming the sample is isotropic, Young’s modulus can be calculated through the shear modulus calculations.
Yin et al. used shear wave-based MRE to evaluate the growth of chondrocyte pellets undergoing chondrogenic differentiation over 3 weeks culture and found that the shear stiffness of pellets increased from 6.4 kPa at day 1–16.4 kPa at day 21, which correlates with the increase in proteoglycan and collagen content in pellets (Figure 3) (Yin et al., 2014). Curtis et al. also used shear wave-based MRE to monitor mechanical properties of mesenchymal stem cell-seeded gelatine constructs undergoing adipogenic and osteogenic differentiation, respectively. The shear modulus of constructs cultured in adipogenic medium decreased upon culture time whereas it increased overtime for constructs cultured in osteogenic medium, in line with their corresponding differentiation pathways (Curtis et al., 2012). However, sterile online monitoring of construct stiffness using shear wave-based MRE with a piezoelectric actuator remains a challenge, as constructs will have to be embedded in agarose gel during cell culture. Furthermore, this technique is limited by sample size and stiffness. Using shear wave-based MRE to evaluate small and stiff tissue engineered constructs (e.g., bone construct) is challenging as it requires a high excitation frequency to shorten the wavelength so that it can be captured in the sample (Manduca et al., 2001). However, an increased excitation frequency is associated with an increased wave attenuation in the test sample (Lopez et al., 2007), making the shear wave not able to be attained (Othman et al., 2012), and this remains an obstacle for researchers to address (Othman et al., 2015).
[image: Figure 3]FIGURE 3 | Shear wave-based MRE monitoring the stiffness of chondrocyte pellets over a 3-week chondrogenic differentiation period. (A) Shear stiffness maps of chondrocyte pellets (three spheres embedded at the centre of agarose gel) at week 1, two and 3; (B) Shear stiffness values of these pellets at week 1, 2 and 3. Adapted from Yin et al. with permission (Yin et al., 2014).
3.2 Ultrasound elastography (UE)
UE utilizes UI to map strain and elastic modulus of test samples. Clinical UI offers a resolution at around 100 μm, whereas research UI modalities that use higher ultrasound frequency than that of the clinics have also been developed recently and they can provide a resolution of 10–100 µm (Dalecki et al., 2016; Wang and Larin, 2015). UE has been widely used to measure the stiffness of tissues and organs such as skeletal muscle (Yanagisawa et al., 2011; Chino et al., 2012), tendon (Drakonaki et al., 2009; Chernak Slane and Thelen, 2014), breast tumour (Thitaikumar et al., 2008; Thittai et al., 2011) and vessel (de Korte et al., 2011; McCormick et al., 2012) in many preclinical and clinical studies. However, only a handful studies have explored this novel technique to measure the stiffness of engineered tissues. Similar to MRE, these researches mainly employed strain-based (Dutta et al., 2013; Chung et al., 2015; Van Kelle et al., 2017) or shear wave-based (Mercado et al., 2015) methods to map mechanical properties of tissue engineered constructs.
3.2.1 Strain-based UE
In the strain-based method, ultrasound signals are acquired using conventional B-mode UI before and after the application of a small strain through either compression or distension of test samples. Speckle tracking is then used to map out the displacement or strain in the engineered tissue. Van Kelle et al. developed a novel multimodal bioreactor, which enables a long-term culture of engineered cardiovascular tissues under mechanical stimulation and simultaneous mechanical testing of the developing tissue (Van Kelle et al., 2017). The stiffness of grafts was monitored weekly through a bulge test carried out within the pressure bioreactor and the displacement was tracked using UI in a sterile manner, thus enabling online monitoring of the stiffness of the engineered tissue. In a similar research, Chung et al. used UI to measure the deformation of tissue-engineered cartilage grafts in a compression test carried out within a sterile chamber (Chung et al., 2015). Higher strains were observed in the centre of engineered tissues compared to the periphery, demonstrating the feasibility of using UE to map the spatial mechanical heterogeneity of engineered tissues. However, one of the limitations of these two studies is that no elastic modulus but only strain was reported.
Dutta et al. successfully achieved online measurement of the elastic modulus of tissue engineered vessels using UE (Dutta et al., 2013). In this study, engineered vessels were cultured in a pulsatile flow bioreactor, the distension of grafts in response to the flow was monitored using UI in a sterile manner and the pressure of the flow that the tissue experienced was measured by a pressure transducer. Subsequently, Young’s modulus was calculated through the measured pressure and strain and these computed values were found to match well with those obtained by traditional mechanical testing methods. While these results are very encouraging, the bioreactor developed in this study is suitable for online monitoring of engineered vessel grafts with a tubular geometry only. New bioreactor designs are needed to align with online monitoring of other types of engineered tissues such as cartilage and bone grafts.
3.2.2 Shear wave-based UE
In shear wave-based methods, an ultrasound transducer emits a non-contact acoustic radiation force (ARF) to remotely manipulate a small region within test samples. This induces a shear wave through the recoil of the deformed region. The propagation of this wave through the sample is closely monitored using UI (W. Kim et al., 2016). Similar to shear wave-based MRE, the shear modulus of the sample is derived from the speed of the shear wave. Shear wave-based UE, including Supersonic shear imaging-based UE, have mainly been used for examining breast cancer (David O. Cosgrove, Berg, Doré, Skyba, Henry, Gay, Cohen-Bacrie, and the 2012), liver disease (Farmakis et al., 2019) and cornea disease (Nguyen et al., 2012) across numerous in vivo and clinical studies. To the author’s knowledge, to date, only one study has employed shear wave-based UE for online monitoring mechanical properties of tissue engineered constructs (Mercado et al., 2015). Within this study, fibroblast-seeded collagen gels, submerged in cell culture media—which facilitates the transfer of the ultrasound pulse from the transducer into the engineered tissues—were successfully monitored within a sterile system, and the shear modulus of the engineered tissue was effectively obtained.
3.3 Optical coherence elastography (OCE)
OCE leverages OCT to map the strain or elastic modulus of tested samples. OCT is a non-invasive imaging modality. It employs low coherence light to capture cross-sectional 2D or 3D images of an optical scattering sample (Huang et al., 1991). Recently, OCT has been explored within the field of tissue engineering as a non-invasive imaging modality to monitor cell proliferation, migration, cell-material interaction as well as structural changes in engineered tissues (Yang et al., 2005; Yang et al., 2006; Bagnaninchi et al., 2007; Liang et al., 2009; Holmes et al., 2015; Martucci et al., 2018). Offering a superior resolution of 5–15 μm, OCT is a good candidate for discerning the mechanical properties of engineered tissues when compared to MRI and UI (Kennedy et al., 2017; Wang and Larin, 2015). Both strain-based and shear wave-based OCE have been used to characterize the mechanical properties across a wide range of tissues including, but no limited to, breast (Kennedy et al., 2013), artery (Razani et al., 2014), liver, muscle (Ahmad et al., 2014), and tendon ex vivo (Guan et al., 2013), as well as skin (Kennedy et al., 2011) and cornea in vivo (Li et al., 2020; Zvietcovich et al., 2019). However, only a handful of studies have explored OCT for measuring mechanical properties of engineered tissues (Ko et al., 2006; Chhetri et al., 2010).
3.3.1 Strain-based OCE
Strain-based OCE leverage OCT to map sample deformation in response to an external force applied either by contact or remotely. Ko et al. employed OCT to monitor the stiffness of a cell-seeded collagen hydrogel over a 10-day culture period using a custom-designed compression system (Ko et al., 2006). Decreased strain in the engineered tissue was observed upon culture, indicating the increase in stiffness of the engineered tissue, which correlates with the increased matrix deposition in the engineered construct as shown with histological analysis. Although sterile online monitoring was not achieved, this study was the first to apply OCE to monitor stiffness of engineered tissues. In another study, Yang et al. developed an OCT-based microindentation technique for mechanical characterization of hydrogels (Yang et al., 2007). The test was carried out by placing a sterilized metal ball with known weight on top of the hydrogel and tracking its displacement with OCT. The Young’s modulus of the hydrogel obtained with this OCT-based microindentation method was found to match well with those obtained using microindentation test. Even though the study used only acellular hydrogel as a proof of concept, the method itself can also be used to online monitor mechanical properties of engineered tissues, since the test can be carried out in a sterile culture dish.
Aiming to use remotely applied force to induce the deformation in samples, Chhetri et al. used magnetomotive OCE (MMOCE) to monitor the stiffness of tissue engineered airway over a culture period of 32 h in a sterile manner (Chhetri et al., 2010). Human tracheobronchial epithelial cells were seeded onto an electrospun scaffold that was precoated with magnetic nanoparticles. The deformation of engineered tissue in response to a regulated external magnetic field was tracked using OCT as a MMOCE study. Albeit smaller strains were observed in the engineered tissue with augmented culture time, no elastic modulus was quantified in this study. More recently, air puff technology another method to remotely induce deformation, has been used with OCT to map the strain of ex vivo corneal tissue (Alonso-Caneiro et al., 2011; Dorronsoro et al., 2012), although its application within tissue engineering remains to be explored. This novel method together with magnetomotive OCE holds potential for the sterile online monitoring of engineered tissues stiffness.
3.3.2 Shear wave-based OCE
Shear wave-based OCE utilises OCT to measure the propagation of shear wave in the sample and deduce the elastic modulus of the sample. Studies have explored shear wave generated from various source such as piezoelectric actuators (Zvietcovich et al., 2019), laser impulse (Li et al., 2011), ultrasound (Zhou et al., 2018; Liu et al., 2021; Liu et al., 2023), air impulse (Han et al., 2016) and magnetic particles (Ahmad et al., 2014) to measure the elastic modulus of tissues ex vivo or in vivo. Li et al. used OCT to detect laser induced surface acoustic wave in tissue mimicking agar phantoms, facilitating Young’s modulus calculation via measured phase-velocity values (Li et al., 2011). Zhou et al. used OCT coupled with high intensity focused ultrasound to map the elastic modulus of agar phantoms and ex vivo porcine skin (Zhou et al., 2018). Han et al. used shear wave-based OCE induced with air impulse to quantify the Young’s modulus of chicken liver (Han et al., 2016). Ahmad et al. demonstrate the feasibility of using magnetic particles to induce shear waves in rat liver and measure its Young’s modulus through shear wave-based OCE (Ahmad et al., 2014). Despite their capacity for a non-contact mechanical testing environment, none of these shear wave-based OCE methods, to the author’s knowledge, have been deployed to explore the mechanical properties of tissue-engineered constructs.
Passive elastography is an alternative approach, which does not depend on external force or direct mechanical stimulation applied to the tissue. Rather, it utilises naturally occurring mechanical vibrations or movements within the environment. Nguyen et al. (Nguyen et al., 2016) extended the concept of passive elastography (Catheline et al., 2013) to OCT, which relies on naturally occurring broadband diffuse shear waves. Zvietcovich et al. adopted a closely related approach, measuring shear wavelength of reverberant waves to quantify individual corneal layers stiffness (Zvietcovich et al., 2019).
Passive elastography has a great potential for imaging tissue mechanical contrast with OCT and does not require any hardware modifications. This contactless technique can be easily executed in a sterile manner and could be integrated in a manufacturing workflow. Its ability to quantify the shear wavelength is however greatly biased by noise levels.
Recently Mason et al. introduced a debiased passive elastography technique that leverages ambient vibrations for real-time, non-invasive quantitative stiffness assessment (Mason et al., 2023). Using the technique, MechAscan, they evaluated the stiffness of gel constructs, tissue engineered bone and cartilage spheroids, bilayer cancer model, tissue repair model and single cells. The stiffness of engineered bone spheroids was investigated throughout differentiation and maturation in vitro in a sterile manner. MechAscan analysis showed an increase in sample stiffness with culture time. This finding was validated with histology and compression test applied to a subset of samples. Similarly, MechAscan stiffness analysis of engineered cartilage spheroids subjected to hydrostatic pressure was also compatible with biochemical analysis (Figure 4). The research group showcased employed method’s aptitude to map spatial mechanical heterogeneity in engineered tissues using a bilayer cancer model. This passive elastography method, which relies on ambient vibrations without necessitating an external stimulator, may present substantial advantages as a non-contact, sterile, online monitoring tool for the mechanical analysis of engineered constructs directly inside bioreactors.
[image: Figure 4]FIGURE 4 | Online monitoring mechanical properties of engineered bones and cartilage tissues. (A) OCT intensity images and mechanical contrast map (generated using MechAscan) of engineered bone tissues (in triplicate) on day 3, 10, and 21; (B) Young’s modulus of the tissue (n = 3) obtained using a compression rig; (C) Mechanical stiffness data of each sample throughout culture, obtained by MechAscan; (D) Histology with picrosirius red staining for collagen content in osteo-genic pellets at day 3, 10 and 21. Orange and red staining represent cytoplasm and new synthesized collagen fibrils respectively with a 100 µm scale bar; (E) intensity images and mechanical contrast map (generated using MechAscan) of engineered cartilage tissues stimulated by hydro-static pressure for 21 days; (F) Glycosaminoglycans (GAG) content of samples and (G) the mechanical stiffness data (generated using MechAscan) of engineered cartilage tissues (n = 3). Reproduced from Mason et al. with permission (Mason et al., 2023).
4 DISCUSSION AND OUTLOOK
Tissue elasticity and mechanical properties are frequently evaluated in clinical settings. Non-invasive techniques such as OCE, UE, and MRE assist in diagnosing diverse conditions by offering significant insights into the elasticity or stiffness of tissues. MRE, utilizing MRI technology, generates images illustrating tissue stiffness variations, facilitating the noninvasive evaluation of viscoelastic characteristics in organs like the brain and liver (Klatt et al., 2007; Asbach et al., 2008; Green et al., 2008). Similarly, UE, employing ultrasound technology, measures tissue elasticity by assessing the speed of shear wave transmission, finding application across medical specialties such as evaluating pancreas, liver fibrosis (D. Cosgrove et al., 2013), and breast lesions (Cosgrove et al., 2012; Barr et al., 2015). Guidance for these studies has been well documented (D. Cosgrove et al., 2013; Miller et al., 2020). MRE and UE have proven valuable in clinical settings for elastographic imaging across various organs (e.g., breast, liver, brain). Their application to thin and small tissues like the cornea is limited due to relatively lower spatial resolution and decreased displacement sensitivities (Singh et al., 2017) when compared to OCE which has high resolution but low imaging depth. OCE, a non-contact, light-based imaging technique predominantly used in ophthalmology, assesses corneal tissue stiffness through non-contact examination methods like air-pulse systems (Wang et al., 2013; Twa et al., 2019). However, one typical drawback of these methods is the necessity to terminate tissue culture due to the non-sterile procedure, rendering the sample unsuitable for post-testing implantation.
This article presents an overview of various approaches for imaging the mechanical properties of tissue-engineered grafts, acellular biomaterials and ex vivo tissues. It highlights their distinct features, advantages and limitations as summarized in Table 1. Traditional approaches, commonly used for assessing mechanical properties, provide insights into stiffness and viscoelastic properties of samples (Cao et al., 2023). These techniques are applicable in the analysis of mechanical properties ranging from soft tissue mimicking hydrogels (Tejo-Otero et al., 2022) to bone (Gupta et al., 2021). However, one typical drawback of these methods is the necessity to terminate tissue culture due to the non-sterile procedure, rendering the sample unsuitable for post-testing implantation.
TABLE 1 | Unique features of traditional approach, MRE, UE and OCE for measuring mechanical properties of tissue engineered grafts.
[image: Table 1]Furthermore, a 5%–10% strain is commonly used in measurements, could potentially compromise the tissue’s mechanical qualities and structure. To address this, systems like the BioDynamic system from TA Instruments have been designed to allow for online monitoring of the continuous growth of tissue grafts within sterile chambers. Additionally, some researchers have also developed bespoke systems that enable real-time monitoring of the mechanical properties of engineered tissue constructs (Ahearne et al., 2005; Kortsmit et al., 2009a). Despite their innovation, these systems have limitations, such as specific requirements for sample size or shape, and generally provide information on the bulk mechanical characteristics, lacking spatial heterogeneity throughout the three-dimensional structure.
Overall, imaging-based elastography possesses significant advantages over traditional approaches due to its capability to assess not only bulk mechanical properties but also the mechanical heterogeneity of engineered tissues (Table 2). The evaluation of such heterogeneity could serve as a crucial criterion for determining the readiness of a graft for implantation (Klein et al., 2009b; Vijayavenkataraman et al., 2018), since grafts lacking the native-like structural and mechanical heterogeneity may fail over long-term repair (Klein et al., 2009a; Khoshgoftar et al., 2013). Imaging methods can provide non-invasive assessment of the mechanical properties of engineered tissue constructs.
TABLE 2 | Various approaches for online monitoring mechanical properties of tissue engineered grafts, acellular biomaterials and ex vivo tissues.
[image: Table 2]MRE itself is a nondestructive assessment method, and the excitation required for mechanical analysis can be induced by external stress or environmental vibrations. MRE has been successfully used to image shear viscoelastic properties of gel phantoms, tissue-engineered adipogenic and osteogenic (Othman et al., 2005) or chondrogenic constructs (Neu et al., 2009; Yin et al., 2014). While MRE or Microscopic MRE (μMRE) are effective, these methods may require embedding samples in hydrogels (Curtis et al., 2012; Yin et al., 2014) or direct contact with needles (Othman et al., 2005) for stress application. These requirements could limit their utility for continuous online imaging of tissue properties (Neu et al., 2009; Griebel et al., 2014).
UE systems providing online mechanical property assessment (Mercado et al., 2015) that can include viscoelastic properties analysis (Hong et al., 2016). This technique faces constraints in geometry (Dutta et al., 2013), hardware bringing on mismatches between measured and estimated strains (Chung et al., 2015) and limited spatial resolution (Van Kelle et al., 2017). While MRI and UE system are mainly used for medical purposes and are still expensive, OCT is commercially available at a moderate cost for researchers and industries (Ko et al., 2006), making it a more attractive option for tissue engineering applications. Furthermore, OCT offers higher resolutions than MRI and UI, at a few micrometres scale, making it a more suitable tool to monitor tissue and cellular mechanical properties. However, limited imaging depth (up to 3 mm in depth) remains a challenge for using OCE on large sized engineered tissues (Kennedy et al., 2017; Kim et al., 2016). Studies with OCE mostly cover mechanical property analysis of cornea or engineered tissue or tissue mimicking materials including viscoelasticity. The approach Han et al. developed has limitations to model based on assumptions about the sample such as sample shape (Han et al., 2017) or needed long acquisition time (Han et al., 2016). More efforts in extending the imaging depth and developing novel contactless excitation methods are needed to further advance the application of OCE in tissue engineering. To date, only a handful of studies have managed to build a sterile system for online monitoring mechanical properties of engineered tissues using either traditional or non-invasive imaging-based elastography approach. When designing a practical system for online monitoring stiffness of engineered tissues, one should consider the following four points: 1) The system should ensure the sterility of the culture, for example, using autoclavable parts or non-contact methods to induce mechanical deformation. 2) Ideally, it should also facilitate in situ measurement and avoiding manipulation of cultured samples, for example, avoiding moving samples in and out of culture dishes and/or incubators. 3) The system should be able to produce a quantitative readout of mechanical modulus, for example, Young’s modulus, instead of only strain values. 4) Finally, it should facilitate the measurement of spatial mechanical heterogeneity in addition to the bulk mechanical modulus.
In addition to the field of tissue engineering, non-contact UE and OCE may also present a useful tool for cancer study and in vitro drug screening. There has been an increasing emphasis in developing 3D tumour models for drug screening in pharmaceutical industries (Xu et al., 2014). It is well known that in diseased organs tumour tissues are stiffer than healthy tissues. Online monitoring of the stiffness of 3D tumour models may provide an insight to its growth and response to drug treatment. Furthermore, apart from monitoring in vitro cultures, imaging-based elastography may have a promising future for in vivo longitudinal assessment of engineered biomaterials and tissues (Park et al., 2014; Khalilzad-Sharghi et al., 2016). Traditionally, periodic animal sacrifices are needed for the longitudinal assessment of engineered grafts in repair site. The modalities discussed in this paper primarily focus on analyzing the mechanical properties of tissue-engineered grafts. However, it is crucial to note that the applicability of in vivo analysis is limited for these modalities due to various constraints. In the study conducted by Dorronsoro et al., deformation measurements were performed on the human cornea in vivo and on the porcine eye in vitro using OCT for imaging and an air puff for deformation (Dorronsoro et al., 2012). Meanwhile, Zhou et al. employed Surface Acoustic Waves for impulse generation and imaging on ex-vivo porcine skin, restricting the modality’s use to ex-vivo applications (Zhou et al., 2018). Dutta et al.'s system, designed for real-time imaging, has its own set of limitations. Its shape confines its suitability to monitoring artificial vascular grafts with tubular geometry exclusively. Furthermore, applying this modality to blood vessels in vivo proves challenging, as blood pressure is not precisely measured during imaging (Dutta et al., 2013). The non-invasive nature of MRE, UE and OCE may enable tissue engineers to online monitor the repair and changes in mechanical properties of implanted grafts and thus to reduce animal numbers needed for in vivo studies. For example, Yu et al. has used UE for non-invasive evaluation of the mechanical performance of polyurethane-based scaffolds in rat abdominal repair model over a 12-week period (Yu et al., 2013).
5 CONCLUSION
Real-time monitoring of the mechanical properties of engineered grafts is crucial for the field of tissue engineering. The benefits of imaging-based elastography over traditional techniques are emphasized in this article, along with its capacity to evaluate the mechanical heterogeneity of engineered tissues. The paper discusses several imaging modalities, emphasizing the advantages and disadvantages of OCE, UE, and MRE. Although MRE and UE systems provide good imaging, there may be issues with their cost, real-time capabilities, and spatial resolution. On the other hand, OCE offers an alternative because of its high resolution at the tissue and cell levels and its reasonably priced commercial availability. However, challenges such as limited imaging depth need to be addressed for larger tissue applications.
In conclusion, monitoring the mechanical properties of engineered grafts in real-time is a critical aspect of tissue engineering. This paper highlights the benefits of non-invasive, imaging-based elastography for this purpose. Additionally, it points out the potential applications of this technology in various areas, including cancer study, drug screening, and the in vivo assessment of tissue-engineered grafts.
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