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Abstract

:

The ever-growing field of materials with applications in the biomedical field holds great promise regarding the design and fabrication of devices with specific characteristics, especially scaffolds with personalized geometry and architecture. The continuous technological development pushes the limits of innovation in obtaining adequate scaffolds and establishing their characteristics and performance. To this end, computed tomography (CT) proved to be a reliable, nondestructive, high-performance machine, enabling visualization and structure analysis at submicronic resolutions. CT allows both qualitative and quantitative data of the 3D model, offering an overall image of its specific architectural features and reliable numerical data for rigorous analyses. The precise engineering of scaffolds consists in the fabrication of objects with well-defined morphometric parameters (e.g., shape, porosity, wall thickness) and in their performance validation through thorough control over their behavior (in situ visualization, degradation, new tissue formation, wear, etc.). This review is focused on the use of CT in biomaterial science with the aim of qualitatively and quantitatively assessing the scaffolds’ features and monitoring their behavior following in vivo or in vitro experiments. Furthermore, the paper presents the benefits and limitations regarding the employment of this technique when engineering materials with applications in the biomedical field.
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1. Introduction


Basing their work on Röntgen’s X-rays [1] and W.H. Oldendorf’s findings regarding the radiodensity discontinuities of two different materials [2], G.H. Hounsfield and A.M. Cormack developed the first functional medical CT scanner [3]. As a medical device, the use of CT scanners raises great concerns regarding the damage caused by the absorbed X-ray. Therefore, the device is equipped with a low tube voltage (approximately 75 KeV [4]) so that low scanning times and adequate slice thickness (usually between 0.4 and 10 mm [5]) result in images with good resolution and sufficient contrast to permit the visualization of different forms of tissue. CT scanners are used for the purposes of diagnosis and control in oncology [6,7], dentistry [8,9] or orthopedics [10].



Although initially exclusively used in the medical field [11], nowadays, CT scanners are being exploited in a variety of nondestructive measurements. However, given the difference between the areas of application, the characteristics of the equipment are also different. Since no live subjects are imaged, the X-ray tube has a much higher voltage (up to 800 kV [12]), the scanning chamber is smaller, and the resolution and accuracy of the generated images can be easily adjusted by moving the object closer to the source [13]. As a result, the field of application for CT scanners has enlarged, comprising metrology [13,14], quality control [15,16], and even forensic studies [17,18,19,20,21,22] or paleontology [23,24,25,26].



Natural materials have been scanned using CT with the aim of using the obtained information for the fabrication of implantable scaffolds with similar structural features [27,28,29]. CT is often coupled with additive manufacturing techniques in order to obtain scaffolds that would ensure the best possible outcome in terms of architecture, mechanical properties, tissue ingrowth, and so on [29,30].



This paper is dedicated to reviewing the use of laboratory micro- and nano-CT in analyzing implantable scaffolds designed for tissue replacement or repair. The present review addresses the matter of CT use, from the material scientists’ point of view, and will consider both qualitative and quantitative analyses performed exclusively for either the scaffolds’ visualization or the evaluation of their behavior in vivo or in vitro.




2. Operating Principle of Laboratory CT Equipment


Even though the working principle of a laboratory CT scanner is basically the same as a medical one, some modifications were required for improved performance. A clinical CT is limited by the radiation dose in respect to patient safety, while in CT scanners used in materials characterization, the radiation dose is not limited, high-power radiation being necessary when thick samples made of high X-ray absorbent materials, such as metals, are investigated. Additionally, a higher spatial resolution and accuracy are necessary for small parts with complex microarchitecture. When using laboratory CT scanners, the sample rotates and moves as close as possible to the source (a smaller sample will allow a positioning closer to the source and enables visualization at higher magnification) [13,31]. An X-ray source (fabricated of tungsten, molybdenum, or copper) produces a high-energy electromagnetic beam, usually characterized by a conical shape, which has the advantage (in detriment of fan beam) of capturing a large part of the sample within a single rotation step. The X-rays are transmitted through the sample, the radiation is attenuated as the material absorbs a part of the electromagnetic ray, and a planar detector collects the attenuated radiations as radiography (or a 2D projection image). Before starting the scanning process, the user must set a series of parameters: scanning voltage and intensity, pixel size, number of frames, rotation angle, and exposure time. After a single projection image is recorded (resulting as a mediation of several frames), the sample is rotated with a preset degree and another radiography is recorded in the new position. These two steps are repeated until a complete rotation is reached. For inhomogeneous samples containing at least two materials with significantly different absorptions (e.g., a polymer–metal composite), a 360° scan is recommended, while for single-phase materials, scanning at 180° is considered to be sufficient. Then, using a reconstruction algorithm, the projection images are computed into cross-sectional images or slices, which are further used for visualization and extraction of morphometric parameters (in either 2D or 3D) or for exporting models for 3D printers [30].



Some CT scanners provide special material testing stages, which allow the scanning of hydrated samples or the performance of in situ mechanical tests (compression or traction), making it possible to obtain images at different points of deformation [30]. The most popular reconstruction algorithm is filtered back projection (FBP), widely used for fan-beam CT configuration [32]. For cone-beam configuration micro-CTs, the most often used reconstruction algorithm is the Feldkamp-Davis-Kress (FDK) algorithm [33,34], which comprises three main steps: projection space filtering, back projection, and volume space weighting described in [35]. Despite FDK being a nonexact algorithm, it is appreciated for its simplicity, good approximation for small cone angles, and handling data truncated in axial direction [34,36]. FBP or FDK algorithms provide good-quality images in a fast and robust way but require a high amount of X-ray projection data in order to obtain good-quality images and can be affected by image noise [37,38]. Among other types of algorithms, one can find iterative reconstruction algorithms (IR) such as algebraic reconstruction technique (ART) [39] and simultaneous algebraic reconstruction technique (SART) [40,41,42], which allow for obtaining images with comparable quality to FBP, but with lower radiation dose suitable for clinical or in vivo CT [38]. Nevertheless, hybrid algorithms—a combination of FBP and IR—have been developed in order to maximize the benefits of each of them especially for clinical application [37]. The working principle and main steps for acquisition, reconstruction, and analysis are presented in Figure 1.



The quality of the resolution or the acquisition process depends on several factors—X-ray source, detector system, prescanning parameters (flat-field correction, number of frames recorded in each position, degree of rotation, exposure time, X-ray intensity), and pre and postreconstruction processing—but also on several material characteristics (atomic number, thickness). Regardless of the type of analyzed sample, image reconstruction is of paramount importance. Selecting the optimal scanning parameters usually sums up to a trade-off between spatial resolution and noise: a sharp, high-resolution image might also present a lot of noise, and a postscanning smoothing might lead to losing important data. Especially in the case of porous or composite scaffolds, phase segmentation plays an important step and enables, in addition to artifact removal, a clear differentiation of phases (solid particles or voids), which in turn allows a more accurate processing of data and lower errors in subsequent quantitative analyses [43].



Additionally, to obtain optimal results in terms of both 3D reconstructed images and data sets to be used for quantitative measurements, phase contrast performed using conventional CT scanners [44,45,46] or synchrotron radiation sources [47,48,49,50,51] have been largely exploited. While the working principle of CT scanning is based on different X-ray absorbencies within the tested specimen, phase contrast scanning relies on the shift of the X-ray after passing through the scanned object [52]. A thorough study describing the means of obtaining phase contrast using X-rays has been published relatively recently [53].



Since CT scanners may be used for the analysis of a multitude of scaffolds—with various architectures or compositions—both pre- and postscanning parameters must be carefully selected, and a customized procedure is necessary for each batch of samples [25].




3. CT Imaging of Scaffolds with Biomedical Applications


Most scaffold-based strategies tackled in the regeneration or repair of a damaged organ require a precise control over the microarchitecture of the implanted object. Not only the geometry should perfectly fit the defect, but also the internal structure of the scaffold must be carefully evaluated. The porosity, phase distribution in hybrid or composite materials, and presence of potential defects are of main importance and exhibit a great influence not only on the scaffolds’ mechanical properties and integrity or stability but also on cells’ interactions, nutrients’ diffusion, or the angiogenesis process.



A precise imaging of the architectural features is of paramount importance in assessing the behavior of a scaffold in all phases of its evaluation—from fabrication to in vivo testing. Scanning a scaffold to visualize its architectural features is performed in all stages, and the obtained images and data sets may be used in various assessments. As an example, following fabrication, the pores’ distribution or walls’ thickness might be important to assess the homogeneity of a scaffold, while post-in vitro or in vivo testing, the data might offer valuable information regarding the scaffolds’ degradation or integration in the host tissue. Moreover, in vitro tests might be performed in either acellular or cellular conditions, a case in which several parameters might be of interest (e.g., mineralization potential, cells distribution). Regarding the imaging possibilities of visualizing scaffolds without explanting them, to evaluate either their degradation/wear or the tissue ingrowth, in situ imaging is also possible through CT scanning. However, these types of tests are performed using a scanner that resembles the medical CT equipment but is designed to accommodate small animals, such as laboratory rats or rabbits. The X-ray source and detector move around the scanned subject, and the beam’s intensity varies so that it would not hurt the animal, while rendering good-quality images [54]. Considering the significantly different setup of the scanner, these tests are not part of the current review and will not be detailed here. An overview of the types of investigations performed using CT imaging is presented in Figure 2.



Other imaging techniques, such as scanning electron microscopy (SEM) associated with EDAX spectroscopy, atomic force microscopy (AFM), or confocal microscopy (CFM), provide important information regarding surface morphology, topography, and chemical composition. Nonetheless, their use is associated with several drawbacks, such as the need to destroy the sample to obtain suitable geometries that can be further analyzed, and the registered data provide information only with respect to the surface of the sample (SEM, AFM) or thin 3D sections (CFM). For instance, the limitation in terms of imaging depth for SEM is around 200 nm, while CFM, although may penetrate at higher depths (around 100 µm), cannot be applied for opaque scaffolds [55]. CT is used as a complementary technique to obtain both qualitative and quantitative insights regarding the overall internal microarchitecture of the scaffold without causing any alteration to the sample. Its versatility is demonstrated by the possibility to scan all types of materials in hydrated or dried state (i.e., polymers, ceramics, metals, and composites) obtained through various fabrication methods (e.g., membranes, fibers, porous scaffolds, particles). A proper scanning offers not only high-quality images but also a relevant set of data, which will be further used in quantitative determination. Three-dimensional images of samples can reveal information regarding the overall microarchitecture of the scanned object, such as porosity [56,57,58,59], fiber orientation [60], phase distribution [61,62,63,64], the presence and distribution of mineral clusters [65], cell spreading on and within scaffolds [66,67], and effect of degradation evolution on scaffolds’ microstructure [68].



3.1. Visualization of Architectural Features through CT Imaging


The visualization of scaffolds’ microarchitecture using CT equipment is an implicit procedure performed after fabrication or following either in vitro or in vivo studies. As opposed to other techniques, CT provides a general overview of either dried or hydrated samples, thus increasing its importance in scaffold characterization for biomedical applications. Despite this significant advantage, only a relatively small number of papers report the evaluation in hydrated state [69,70,71,72] due to the difficulty of obtaining a good X-ray contrast between the hydrated matrix and immersion media.



CT-based evaluation is also widely run for scaffolds fabricated through the 3D printing of a variety of materials, such as natural or synthetic polymers [73,74,75] and polymer-based composites [76,77,78], ceramic powders [79,80,81,82], and glasses [83]. A method article thoroughly describes a micro-CT scanning protocol suitable for Ti6Al4V metal powders with a mean size of 1.4 µm. The article also provides a methodology for image analysis in respect to open and close pore evaluation as well as particle volume, surface area, or sphericity and highlights the importance of standardization analysis for powders used in additive manufacturing (AM) [84]. For scaffolds fabricated through AM, it is of major importance to investigate whether there are any fabrication defects that could lead to mechanical failure [80,85]. One of the most attractive advantages of AM techniques in the field of regenerative medicine is represented by the high reproducibility of the scaffolds’ architectural features and the possibility to progress to the point where customized scaffold designs based on patients’ needs can be fabricated. A computer-assisted design (CAD) software used in AM allows for importing medical CT/NMR files and creating scaffolds suitable as a shape and dimensions for the patient defect [86,87]. Laboratory CT finds its usefulness in determining the fabrication system’s accuracy [88] or quality control for the 3D manufactured scaffold [89,90,91,92] as well as post-in vivo evaluation of the new tissue ingrowth [93,94,95].



However, the visualization of certain materials is somewhat problematic. Among them, polymers—which are increasingly used in biomedical applications due to their large availability, ease of fabrication, and tunable properties—exhibit low X-ray absorbency. To improve their contrast in CT imaging—in either dry or hydrated state—several staining agents typically used in histology were tested [69,71,96]. Crica et al. used barium chloride, iodine, potassium iodide, and silver nitrate as contrast agents following two staining routes (during and postsynthesis, respectively) for gelatin–poly(vinyl alcohol) scaffolds. Morphology modification and contrast enhancement were observed through SEM and micro-CT, and their results revealed that 1.5 wt.% barium chloride is the ideal amount in order to preserve the initial morphology and improve the image contrast, while iodine staining coupled with hexa(methyl disilazane) fixation proved to be the most advantageous in respect to time efficiency [97]. Collagen-based scaffolds were successfully stained for improved micro-CT imaging in hydrated and dried state using phosphotungstic acid (PTA) [69,71] and Lugol’s solution [98], the results showing minor changes between the two states. Osmium tetroxide-uranyl acetate and uranyl acetate-lead citrate also showed promising results with respect to collagen staining for CT imaging purposes [99], but the time-consuming protocols and the toxicity of the employed reagents must not be disregarded. Protocols for cell labelling were also developed. In this respect, staining agents such as osmium tetroxide [100,101,102] and gold-labeled lectin in tris-buffered saline [103] or ultrasmall superparamagnetic iron oxide nanoparticles [104] were successfully tested. We recently published a comprehensive study regarding the use of natural hydrogels as bioactivators of polypropylene meshes for hernia repair in which micro-CT is used to visualize the uniformity of the hydrogel coating after degradation and cells spreading on the coated meshes [102]. The matter of separating the hydrogel (a natural polymer) from the polypropylene support also presented a certain level of difficulty. Due to the different water affinities of the polymers, we were able to selectively stain the hydrogel through incubation in silver nitrate aqueous solution and thus enhance the contrast between the two materials. Using this protocol, both the coating’s uniformity (Figure 3A) and stability following a week of uniaxial traction performed with continuous PBS perfusion (Figure 3B) were assessed. In addition to optical microscopy and SEM, micro-CT was employed to evaluate the cells’ presence on the coated meshes. The visualization of cells was performed after staining with uranyl acetate, and the registered images offered important information regarding cells spreading on the entire samples (Figure 3C,D). Bosworth et al. used osmium tetroxide to assess the infiltration of mesenchymal stem cells in poly(ε-caprolactone) electrospun yarns [105]. The reported protocol involves the use of glutaraldehyde to fixate the cells, followed by 15 min incubation in 1% aqueous solution of osmium tetroxide in a dark room to increase X-ray contrast of cells on the polymeric scaffold. In another study, chondrocytes seeded on porous gelatin scaffolds were visualized using a protocol involving a combination of silver and gold lysine and a synchrotron radiation based micro-CT equipment [106].



Extracellular matrix (ECM) formed following in vitro seeding of mesenchymal stem cells (MSCs) labeled with iron oxide nanoparticles on fibrous polymer-based scaffolds was visualized using synchrotron micro-CT and a semiphase contrast setup [67]. When compared with conventional laboratory CT equipment, this technique presents the advantage of high spatial resolution in the absence of beam hardening effects (due to the use of monochromatic radiation). ECM obtained following in vitro seeding of human-periosteum-derived cells in both static and dynamic conditions on titanium alloy scaffolds was also assessed using Hexabrix and PTA as contrast agents through contrast-enhanced nanofocus CT [107]. Using as comparative techniques Live/Dead viability/cytotoxicity assay and Picrosirius red staining, the study provided not only solid proof of CT reliability in the visualization of ECM in tissue-engineered constructs but also a protocol regarding the processing of the registered images.



When scanning explanted scaffolds, the drawbacks associated with the use of CT include the difficulty in simultaneously visualizing hard and soft tissues due to bones’ high density [108] and in producing images without beam hardening artifacts when evaluating a metallic scaffold [51,109,110]. Compared with magnetic resonance imaging (MRI), which renders details regarding both mineralized and unmineralized tissues, CT provides high-quality, clear, and reproductive images on the mineral component [111], but a clear delimitation in the mineral phase between a composite scaffold, native bone, and newly formed mineralized tissue is not an easy task due to similar X-ray densities. Visualization of soft tissue is also difficult due to its low density. For an optimal visualization, several compounds based on high atomic number elements and with the ability to bind to soft tissue have been investigated as stains. Watling and collaborators [112] assessed the integration of nervous tissue into a 3D polyimide (PI) scaffold in Lewis rats at 4 weeks postimplantation. The explanted scaffolds were stained with osmium tetroxide (OsO4) and subsequently mounted in a pipette tip containing phosphate-buffered saline. The paper demonstrated the successful use of OsO4 as an efficient staining agent for micro-CT scanning as it allowed the identification of nervous tissue inside the polymeric scaffold (Figure 4). However, the use of osmium is limited due to its toxicity and strict usage protocol [113].



Another efficient stain for angiogenesis evaluation through CT is Microfil, a radiopaque silicone rubber compound containing lead chromate [114,115]. As opposed to the OsO4 aqueous solution, which stains through diffusion, Microfil is a casting resin that is perfused in the blood vessels and subsequently polymerized. Contrast agents are often futile when investigating the formation of hard tissue upon implantation of a polymeric scaffold due to the high X-ray absorbance of the bone when compared with the organic matrix. As a result, no additional staining must be performed to visualize bone tissue formation [116]. Information regarding the use of contrast agents and staining protocols for improved visualization of solely tissues (in the absence of scaffolds) may be found elsewhere [25,117,118,119].




3.2. Determination of 3D Morphometric Parameters


As in nature, when designing scaffolds for regenerative medicine applications, remarkably organized and equilibrated structures are desired to reach optimal functionality. Thus, their microarchitecture exhibits an important impact on mechanical properties, cell attachment, proliferation, and migration, as well as on final tissue ingrowth. Among other characteristics, pore size and total, open/closed porosity, and interconnectivity are pivotal in evaluating the behavior of a material, in either acellular or cellular conditions. It has already been reported that pores with dimensions of 100–300 µm are preferred for cell migration, while for bone ingrowth or capillary formation, larger ones are desired (>300 µm); however, these values vary depending on other factors, such as cell type or tested material [120]. Besides the qualitative evaluation provided by CT, a more comprehensive evaluation is also possible by means of quantitative determination of internal morphometric parameters. These measurements are usually performed with dedicated image processing software. In brief, the cross sections’ reconstruction is followed by several steps: (1) establishing the volume of interest (i.e., the volume of the analyzed sample); (2) binarization: setting a threshold value in respect to which any voxel with a grey value higher than the threshold became white and is considered material, while the rest of the voxels became black and are considered environment/background air; (3) noise filtration, which should be performed before the actual analysis begins [121] (based on a mathematical model, such as median filtration, Gaussian smoothing, and block-matching collaborative filtering [122]).



Representative examples of porous materials analyzed with such protocols are further presented. Porosity determination using micro-CT equipment performed on hydroxyapatite-reinforced polysaccharide scaffolds aimed the assessment of total, closed, and open porosity and pore diameter [123]. Open and total porosities of composite scaffolds based on whey protein and bioactive glass were also evaluated through micro-CT, and the results were compared with mercury intrusion porosimetry. The registered data indicated that there are no significant differences between the two employed methods [124]. In another comparative study, which targeted pore size evaluation, six different methods were used [70]. The pore size was obtained through SEM by averaging the pores’ diameters and micro-CT through 3D morphometric analysis (via sphere-fitting algorithm) and 2D morphometric analysis (via four different algorithms: mean thickness, major diameter, biggest inner circle diameter, and area-equivalent circle diameter). Significant differences were recorded between each method used and indicated that the most effective and advantageous method was 3D morphometric analysis through CT [70]. Liao et al. evaluated the microstructure of a bilayer scaffold observing differences in pore size and an efficient adhesion between the two hydrogels [58]. The internal architecture of the obtained bilayer scaffold was compared with the internal architecture of an articular joint from rabbits, confirming the similarities in terms of microstructure [58]. In alginate-based spongelike structures, micro-CT was employed to evaluate the influence of the composition in the microarchitecture of the synthesized scaffolds in terms of open porosity [125]. Collagen scaffolds’ features in both dry and hydrated states were investigated to understand the fluid flow and hydration mechanisms. An amount of 0.3% PTA in 70% ethanol was used as staining and porosity, and specific surface area and percolation diameter were evaluated to establish the transport pathways through the pore space [69]. Membranes and films were also characterized through CT, revealing characteristic morphostructural features or significant differences in terms of pore size, structure thickness, or specific area between different compositions [126,127,128].



Likewise, materials for bone regeneration have been investigated through CT (e.g., hydroxyapatite scaffolds with different pore architectures [129] or beta-tricalcium phosphate-based materials [130,131]) mainly due to their higher absorption capacity of X-rays, thus obtaining good contrast images. An interesting study presents a comparison of several commercial granules for bone filling defects, with human trabecular bone in terms of porosity, microarchitecture, and molecular composition [132]. Small (250–1000 µm) and large granules (1000–2000 µm) were used to prepare stacks whose microarchitecture was further investigated through micro-CT. It resulted in those small granules generating scaffolds with low interconnected pores (pore diameter around 200 µm), while scaffolds obtained from large granules presented a suitable interconnectivity for osteoconduction (pore diameter above 500 µm) with 3D morphometric parameters similar to human bone [132]. For bone regeneration purposes, CT was performed to evaluate the integration of grafts of natural origin, such as coral grafts [133,134,135] and porcine [136,137,138] or bovine [139,140] bone xerographs. Metal powders were also successfully investigated through micro-CT, despite their higher X-ray absorption capacity [84].



Furthermore, CT characterization renders possible the determination of the degree of anisotropy (DA) and the fractal dimension (FD) of porous structures. Both describe complex structures and are often used in trabecular bone characterization being related to its mechanical strength [141,142,143,144]. A comparison between the applied algorithms (box counting, sausage, and sandbox) to obtain specific parameters (Kolmogorov, Minkowski–Bouligand, and mass–radius FD) of the studied specimens is presented in [145]. While FD describes surface complexity, DA describes the orientation of structures along a certain axis and can be determined, for example, through mean intercept length (MIL) and eigen analysis [146]. These additional parameters (bone volume fraction (BV/TV), trabecular thickness (TbTh), trabecular separation (TbSp), bone surface/bone volume (BS/BV), the connectivity by the Euler number, etc.) provide valuable information regarding bone microstructure [147].



The main advantage of CT in comparison with other techniques is the ability to perform relevant measurements regarding pores’ interconnectivity, because what might appear to be a closed pore in 2D could actually be an open pore in 3D. For a scaffold to be used in tissue regeneration or repair applications, it is imperative to allow cell migration and nutrient diffusion, which are dependent not only on pore size but also on their interconnectivity. While mercury porosimetry and gas pycnometry are not suitable for fragile scaffolds with closed pores [121,148], SEM offers only 2D measurements on small portions of the sample [149]. On the other hand, the advantages of using CT for such measurements has been largely discussed [4,121,148,149], and protocols in this respect have been published, indicating key aspects of data acquisition and analysis. M. Nair et al. recently published a paper that presents a novel analysis method that excludes the effect of scanning artifacts and offers reliable structural parameters [150]. In addition, their work provides ground rules for the selection of the pixel size (prescanning) and volume of interest (in the analysis stage) and offers guidelines on assessing interconnectivity (i.e., percolation diameter and volume interconnectivity) [150].




3.3. Phase Distribution


Apart from the visualization of internal morphology and quantitative analysis regarding pores’ size, distribution, and interconnectivity, CT is often employed to evaluate phase distribution in a composite material [64,151]. When such analysis is performed, attention must be paid to the different X-ray adsorption abilities of the two components, which may lead to poor phase contrast. In this respect, synchrotron CTs have proved more efficient than the conventional laboratory CT equipment due to the parallel and monochromatic beam, leading to images free of beam hardening artifacts [152,153]. The superior quality of images obtained through synchrotron CTs is also due to a better signal-to-noise ratio ensured by the high X-ray flux [154,155]. For an optimal visualization of the two phases, two different thresholds must be established so that each phase is identified separately and rendered afterwards together in a color-coded distribution. When analyzing a composite material with two phases that have different X-ray absorption capacities, the segregation of the two phases is relatively simple and is performed by applying two different thresholds in order to identify and quantify each phase separately [62,65].



Valuable information regarding the mineral formation within a polymeric matrix may be obtained through CT. In a recent study, the mineralization potential of cuttlebone fish embedded in a pHEMA matrix was assessed following a 2-week incubation in SBF in static vs. dynamic conditions [156]. Although a clear separation between the newly formed mineral and the preloaded phase was not possible in the sample tested in static conditions, the employed micro-CT analysis revealed the formation of new mineral in the cracks provoked by the mechanical stimulation in the continuously compressed sample [156]. The difficulties of separating the new mineral from the preloaded one arise from the similarity between the X-ray absorbencies of the two [157]. Using mineral-coated poly (L-lactic acid) (PLLA) and poly (ε-caprolactone) (PCL), Saito et al. successfully managed to quantify the mineral deposited following implantation [158]. The optimal threshold value for mineral identification was established using the coated polymer samples and subsequently applied to the explanted scaffolds. The registered differences allowed for the calculation of the mineral deposited during the in vivo testing and were in good correlation with the calcium assay performed through the orthocresolphthalein complexone (OCPC) method, thus attesting to the efficiency of this approach in evaluating the mineralization potential of a polymeric scaffold [158].



X-ray adsorption of filaments used in AM for the fabrication of biomedical phantoms can also be assessed through studies regarding the distribution of the radiopaque agent within the polymeric matrix. The distribution of Bi2O3 in a polylactic acid matrix was investigated, and the additive concentration for radiomimetic CT contrast of the composite filaments was established [159].



CT proved its utility in the field of drug delivery as well. Wand et al. used micro-CT to correlate the formulation of the delivery device with its structure and performance. To this end, they investigated the release profile of soluble particulates (gelatin and lactose [160] and gelatin [161], respectively) from a polycaprolactone matrix. The scans, performed prior and after particulates’ dissolution, were used for the quantitative determination of pores’ size and distribution and were further correlated with the release profile of the loaded species [160,161]. In a different study, in addition to Raman and infrared spectroscopy, CT was employed to investigate the internal microstructure of pharmaceutical granules [162]. To this end, PVP-lactose granules were studied, and the CT data (intragranular porosity, excipient and binder volumes) were correlated with the spectrometry results, thus offering a new point of view in the optimization of the granulation process [162].




3.4. Evaluation of Architectural Features under Mechanical Load


Mechanical properties are part of the main features that dictate the success of a scaffold intended for implantation. In this respect, CT is often used to evaluate when failure during in situ compression or tensile occurs. However, if the equipment is not provided with a mechanical testing stage, samples can be mechanically tested ex situ, and cracks or deformations can be evaluated afterwards. Scaffolds for tissue engineering, metallic [163,164,165], ceramic [81], or polymeric [166,167], mostly designed for bone defects have been mechanically tested and subsequently investigated with the help of CT.



Ti6Al4V microlattice structures fabricated through laser-based powder bed fusion (LPBF) employing its smallest track width (0.1 mm) were in situ mechanically tested, and their behavior was analyzed using micro-CT. Four loading steps were applied, and images of the tested sample were recorded after each step as well as before testing. It was observed that large deformations and fractures occur at strut joints and that they are dependent on material density. Additionally, surface irregularities appeared due to the small width employed and the limitation of LPBF, but they did not influence the mechanical behavior [168]. The failure mechanism during in situ tensile of electrospun polymeric fibers was also investigated using micro-CT. Starting with random oriented fibers, a first clear observation refers to the reorientation of the fibers along the strain direction, followed by thinning of fiber diameter, localized necking, and failure. Moreover, the fibers’ fusion points remained mostly unstrained until failure, suggesting the strong adhesion between the fibers [166] (Figure 5). An interesting study compares the mechanical behavior of a native glenoid with the mechanical behavior of an implant glenoid mimicking the physiological loading conditions using a loading equipment coupled with micro-CT [169]. However, besides scaffolds used in regenerative medicine, other materials with vast application fields were characterized in this way—rocks [170], cement-based materials [63], composites for wind turbine blades [171], metamaterials [172], and advanced ceramics [173]—even industrial micro-CT was employed for the evaluation of mechanically tested samples [174].



Likewise, another addressed practice that predicts a scaffold’s thermal and mechanical properties as well as deformations under different types of loadings is the use of micro-CT in combination with image-based finite element (FE) simulation [175]. The accuracy of computed FE models in respect to real testing greatly depends on the efficiency in the scaffold’s architecture reproduction. For instance, an ideal 3D model created using CAD technology for 3D printing and the actual 3D-printed scaffold (wherein some additional factors, such as fusion of filaments or porosity within the filament, appear) will exhibit different mechanical behaviors [176]. FE models with high accuracy and complex architecture can be created from micro-CT scans and further imported to dedicated software (e.g., Abaqus) and submerged to FE simulation [177,178,179]. This combination requires more image processing but takes advantage of the high resolution and real microstructure of the scanned scaffold through micro-CT and the possibility to repetitively perform different types of FE simulations using the same 3D model (which is not possible when a real mechanical destructive test is conducted).




3.5. Evaluation of Degradation and Tissue Ingrowth


Oftentimes a desired property for scaffolds used in regenerative medicine is biodegradability. Ideally, the healing occurs as the scaffold degrades and is replaced by the newly formed tissue in a synchronized manner [180]. Besides the conventional studies, which usually do not provide information about changes in microstructure, the concurrent degradation–tissue ingrowth process can be assessed using micro-CT imaging [68,181,182].



CT is used in preclinical testing to estimate the stability and integration of a scaffold in the host tissue. Although the technique does not aim to replace other relevant testing methods regarding new tissue ingrowth, such as histology or biochemical characterization, nor other imaging techniques aiming at morphostructural characterization, such as SEM or TEM, CT offers great insight regarding the overall development and organization of new tissue within the context of complex engineered construct implantation. Usually, in addition to CT, other techniques are being employed to accurately evaluate scaffolds’ integration and new bone tissue formation (e.g., SEM or histology) [183]. Histology is one of the most common ones, and although it results in high-quality images at the subcellular level, enabling the visualization of the various types of tissues, this is a time-consuming invasive technique that provides 2D images of a 3D object [51,52].



The ability of polymer-based scaffolds to aid the reduction of hard tissue defects was also evaluated using CT. Several research papers report the use of CT as a means to visualize the bone defect before and at various periods of time after the scaffold’s implantation, and not as a characterization technique for the scaffold or the newly formed tissue [183,184]. However, CT was also reported as a tool for the evaluation of the tissue mineral density and was used to obtain images relevant for the assessment of resorbed/deposited bone [185,186]. Aside from polymer-based scaffolds, the integration of metallic implants into bone tissue was also evaluated using fast scans with low resolution realized with a standard laboratory micro-CT [187]. The data sets of the scanned regions were calibrated against the centrally cut histological section of the corresponding sample. Although the registered results proved to be reliable in terms of bone growth assessment within the porous metal implant, in regard to the bone–implant contact area, they did not correlate well with the histomorphometric measurements probably due to the resolution limitation and presence of metal-related artifacts [187]. Concomitant metallic implant degradation and new bone formation were also investigated through CT analysis, and the provided data were used for the in-depth characterization of the bone in terms of bone volume, mineral content, mineral density, and so on [188]. To do so, scans were performed at various pre-established time intervals, and different regions of interest (ROI) were set to assess magnesium pin degradation and bone formation, respectively (Figure 6). As an additional validation technique, implant weight loss was evaluated, but since the results were not consistent—indicating a higher quantity of magnesium corrosion when compared with the volume—the authors considered CT to be “the gold standard” of their study [188]. The influence of the architecture of hydroxyapatite-based 3D-printed scaffolds on their ability to aid bone tissue regeneration was also investigated through micro-CT [189,190,191]. Since hydroxyapatite and bone have similar X-ray absorptions, a proper threshold value that would allow a reliable differentiation between the two had to be established. For this purpose, either a nonimplanted scaffold [189] or Otsu’s method [192] was employed; when vascularization of the newly formed tissue is also being assessed, a staining agent may be used [193]. Evaluations regarding mineralized tissue and bone volume were performed, and the results were corroborated with the information provided by histology [189,190,191,193] or RT-PCR [191,193].




3.6. Evaluation of Implants’ Wear


The stability of nondegradable implantable prosthetic elements can also be evaluated through CT. Although intensively used, radiography and volumetric and gravimetric measurements employed in such analyses limit the assessment in experimental conditions and fail to deliver reliable data in the case of clinically retrieved prosthetics [194,195] due to the lack of data regarding the geometry or weight before implantation. Furthermore, when these data exist (i.e., when a wear simulator is used), the gravimetric method only offers information on the quantity of lost material, and radiography must be used to approximate the region of the deterioration. CT and coordinate measuring machines (CMMs) use for comparison either idealized unworn geometries of the studied element, obtained through reverse engineering, [194] or matching prosthetics provided by the manufacturer [196]. While CMMs measure the deviation of various points from the surface of the worn sample to provide data [197], CTs rely on high-resolution images obtained following a complete scan of the worn prosthesis [195], offering the possibility to develop surface deviation maps at a resolution considerably higher than the one provided by CMMs [198]. The use of both CT and CMMs has proved to be reliable in offering data regarding global wear volume, local distribution of wear, and creep of retrieval [196,197,199]. Analyzing a retrieved acetabular polyethylene liner, Teeter et al. obtained a 3D map of the surface deviation following nearly 17 years of implantation [200]. Following the scans of both worn and control (an identical unworn element) specimens, the threshold was established, and the reconstructed images were overlapped using a best-fit alignment algorithm. A map of the polyethylene wear was obtained (Figure 7), and an evaluation of the wear penetration rate was computed [200]. In a similar study, the worn tibia inserts were assessed, comparing the data obtained through CT and the gravimetric method for six unworn and six wear-simulated prostheses [198]. The study confirmed the accuracy of the micro-CT data when compared with the gravimetric method and demonstrated the precision of the CT measurements (an error of 0.07% was computed between three scans of the same specimen in different positions) [198]. Engh et al. used micro-CT to map and quantitatively assess the wear of fixed and rotating polyethylene knee platforms using retrieved bearings after 52 months of use [196]. Their study also addressed the matter of the manufacturing tolerances on establishing wear and found that in the short period of use of the analyzed samples, the computed value for the mean wear was less than double the mean difference in tolerance. Furthermore, the study concluded that the wear in the fix-bearing group was double when compared with the rotating-platform group and that less than 70% of the wear accounted for penetration, the rest being due to deformation creep.



Parrilli et al. reported the potential of laboratory micro-CT equipment to be used as a tool for the estimation of wear of ceramic prosthesis elements [201]. The authors established a protocol regarding the scanning, reconstruction, and analysis of a ceramic femoral head. The scanning was performed at two different resolutions using a copper filter and a rotation of 360° of the specimen. In the reconstruction stage, three different beam corrections were applied, resulting in 4 groups of 15 datasets, which were further analyzed. To this end, Otsu’s method was employed to establish a proper threshold, and two levels of despeckle were applied to reduce noise, increasing even further the number of groups to consider to 24, each having 15 datasets. The volume of the sample was computed and compared with the results obtained through the gravimetric method. The large number of gathered data allowed a thorough statistical analysis and the selection of the best protocol for scanning, reconstruction, and assessment of a ceramic prosthesis. More importantly, the paper demonstrated the adequacy of micro-CT in assessing the wear of ceramic elements [201].



A summary of the applicability of CT in characterizing scaffold design tissue regeneration and repair is presented in Table 1.
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Table 1. Summary of CT applicability in characterizing scaffolds with biomedical applications.
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Synthetic Scaffolds




	
Imaging System

	
Material|

Fabrication Method

	
Scanning Parameters

	
Research Objectives and Remarks|References






	
Micro-CT

	
PCL (freeze-dried)

	
8 μm voxel size, 55 kV, 145 mA, 0.3 s integration time

	
Cell visualization, staining with osmium tetroxide [100]




	
PCL (selective laser sintering)

	
28 μm voxel size, 75 kV, 75 mA

	
Bone ingrowth evaluation: comparison on compressive modulus obtained through FEA on scanned models and classical compression tests [116]




	
PCL (electrospun)

	
40 kV, power 10 W, 182° scan, 0.61 μm voxel size

	
Visualization of cell infiltration. Cells were stained in 1% OsO4 [105]




	
PCL (fused deposition modeling)

	
Not mentioned

	
3D visualization before and after in situ tensile tests; morphometric characteristics: porosity, filament thickness, surface area [167]




	
16b µm voxel size, 70 kV, 114 µA

	
Comparison between the 3D CAD model and actual printed scaffold; FE mechanical simulation using micro-CT scans [176]




	
Poly (L-lactic acid) and PCL

	
16 μm pixel size

	
Scanned before and after implantation; quantification of mineral formation [158]




	
Plasma-polymerized allyl amine deposited throughout a porous poly(D,L-lactic acid) scaffold

	
8 μm voxel size, 55 kV, 145 mA, integration time of 300 ms

	
Osmium tetroxide-stained cell distribution within the scaffold [101]




	
Poly(propylene fumarate)

	
20.2 µm voxel size, 18 keV

	
2D, 3D visualization; porosity evaluation through micro-CT and mercury porosimetry [149]




	
Poly(propylene fumarate-co-ethylene glycol) (porous scaffold obtained using porogen agents)

	
10 µm isotropic resolution, 50 Kv, 80 µA, integration time 300 ms

	
3D visualization and morphometric analysis [181]




	
Polyethylene

	
Resolution 74 µm, 45 kVp, 177 µA

	
Evaluation of wear of explanted UHMWPE acetabular components; micro-CT proved to be reliable but is limited to a single scan (ex vivo) [195]




	
Not mentioned

	
The wear of an UHMWPE modular acetabular liner was evaluated. A similar unimplanted device was used as reference. The technique to create 3D deviation maps was described [200]




	
80 kVp, 450 µA, 92 µm voxel resolution

	
Evaluation of wear of 24 retrieved tibial polyethylene inserts; imaging of components’ location, penetration, and deformation was possible [196]




	

	
50 µm pixel size,

90 kVp, 40 mA, 0.3° increments with 10 frames averaged per view

	
Six unworn and six wear-simulated polyethylene tibial inserts were evaluated. No remarkable differences were registered between micro-CT results and gravimetric volume measurements [198]




	
Polyimide (PI) (microfabrication)

	
2.7 µm pixel size, 33 kVp, 197 µA, exposure time 1904 ms, 0.5 mm Al filter

	
Sciatic nerve visualization within the polymeric scaffold; staining with OsO4 [112]




	
Nano-CT

	
Poly(ethylene glycol)/poly(ethylene oxide) (electrospinning)

	
pixel size of 0.5 μm, 30 kV, 450 μA, rotation step of 0.1°, frames averaging 4, exposure time 1300 ms

	
3D visualization and porosity evaluation [107]




	
Synchrotron

micro-CT

	
Polyethylene terephthalate multifilament yarns.

	
0.7 µm pixel width, f photon energy 14.5 keV

	
Comparison between cell visualization with SR micro-CT and confocal laser scanning microscopy. Samples were stained with gold-labeled lectin [103]




	
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) fiber mats (electrospinning)

	
0.81 µm pixel size, 180° scan, step size of 0.12°, and exposure time from 0.075 to 0.15 ms

	
3D visualization and morphometric characterization; in situ tensile tests [166]




	
Natural Structures




	
Imaging System

	
Material|

Fabrication Method

	
Scanning Parameters

	
Research Objectives and Remarks|References




	
Micro-CT

	
Collagen (freeze-dried)

	
4 μm pixel size

	
Scanned in dry and hydrated state (0.3% PTA in 70% ethanol, 48 h) [69]




	
2.26 μm pixel size, 47 kV, 142 mA, 1.9 s exposure time, 180° scanning with a rotation step of 0.458

	
Comparison between different staining agents: osmium tetroxide, uranyl acetate, and lead citrate [99]




	
1.5 μm pixel size, 25 kV

	
Describes the optimized workflow for data acquisition and data analysis [150]




	
Alginate modified with N-acetylglucosamine

(freeze-dried)

	
200 μA, 50 kV, 3 frame averaging 0.3°, rotation step, 665 ms exposure time

	
3D visualization and porosity evaluation [125]




	
Chitosan/fish gelatin graphene oxide loaded (freeze-dried)

	
Pixel size 5 μm, 45 kV, 200 µA, rotation step 0.15°, frame averaging 6

	
Morphostructural characteristics and 3D visualization [151]




	
Coral

	
Not mentioned

	
Visualization and morphometric characterization [134]




	
Adipose and muscle tissue (bacon strips) and mice hind legs

	
38–42 µm voxel size, 120 kV,

0.15–3 mm Al filter

	
Comparison between 28 potential staining agents [117]




	
Fish specimens

	
180° rotation, rotation step: 0.25°. Small samples: 90 keV/8 W; pixel size: <500 nm–5 μm; exposure time: 1 ms

Large samples: 50 keV/40 W; pixel size: 15 μm to 75 μm; exposure time: 1.6 ms

	
Comparison of five staining agents (PTA, IKI, I2E, I2M, and OsO4). Scanning parameters were set for each sample [118]




	
Chick embryo

	
20–90 kV, 4–8 W, pixel size 500 μm–5 mm

	
Comparison of staining agents (gallocyanin-chromalum, I2, I2E, I2M, PTA, OsO4) and fixatives [119]




	
Bio-Oss; porous HAp

	
8 µm, 80 kV, 100, exposure time 5 s,

Al 0.5 mm filter

	
3D visualization and quantitative characterization; comparisons between blocks and granules [202]




	
Osteopure, undecalcified bovine xenograft, Bio-Oss, CopiOs, TCP Dental, TCP Dental HP, KeraOs, TCH, Ca/P synthetic ceramics

	
4.95 µm, 80 kV, 100 mA, 0.5 mm Al filter, rotation step 0.25°

	
Comparison between morphometric characteristics of 9 commercial bone substituents and human bone characteristics [132]




	
Bone and coral

	
20 µm voxel

	
Comparison between morphological characteristics [133]




	
Porcine bone, demineralized porcine bone, and demineralized bone matrix

	
10 μm voxel

	
3D visualization and porosity; FEA on micro-CT models [136]




	
Porcine bone graft, porcine type I collagen/bone graft composite, and biphasic ceramic material (MBCP™)

	
Not mentioned

	
Comparison in terms of osteoconduction capacity; quantitative evaluation of new bone formation [138]




	
Bio-Oss Collagen, Orthogen

	
19 μm3 voxel size, 50 kV, 800 μA, frame averaging of 6, angular step of 0.8°, 0.5 mm Al filter

	
Comparison between morphometric characteristics of both grafts; investigation of their behavior when implanted in a bone defect




	
Fragments or granules of deproteinized bovine bone mineral

	
90 kV, 200 µA, isotropic resolution of 17.2 µm, integration time of 500 ms

	
Comparison between morphometric characteristics of the two types of grafts; evaluation of new bone formation [140]




	
Native glenoid and polyethylene glenoid (implant)

	
150 kV, 160 µA,

Isometric resolution of 35 µm; compression: 0.1 mm/min max. force: 750 N

	
3D visualization and evaluation of 3D deformation of both samples [169]




	
Synchrotron

micro-CT

	
Gelatin

(freeze-dried)

	
monochromatic X-ray beam at 10 keV, exposure time

0.7–1.2 s

	
Chondrocyte distribution after Au/Ag staining [106]




	
Synchrotron

micro-CT

	
Femoral head

	
7.50 µm voxel size, 26 keV, integration time 1800–2200 ms,

	
Evaluation of degree and distribution of bone mineral by micro-CT and synchrotron micro-CT [154]




	
Micro-CT

	
8 µm voxel size, 0.5 mm Al filter, 70 kV, 114 µA, 250 ms exposure time




	
PET/CT

system

	
Type I collagen

	
20 μm voxel size

	
Revealed the interconnected porous architecture [96]




	
Synchrotron—phase contrast—micro-CT

	
Murine tibia

	
Photon energy of 21 keV, 18 ms exposure time,

soft tissue 0.325 µm voxel size, mineralized tissue 1.3 µm voxel size

	
3D visualization of intracortical blood vessels;

no staining required [108]




	
Hybrid and Composite Scaffolds




	
Imaging System

	
Material|

Fabrication Method

	
Scanning Parameters

	
Research Objectives and Remarks|References




	
Micro-CT

	
Collagen–poly(DL-lactide)

(freeze-dried)

	
4.5 μm pixel size

	
Dry state; pore evaluation in comparison with SEM [70]




	
Collagen matrix, poly(DL-lactide) nanofibers, calcium phosphate particles, and sodium hyaluronate

(freeze-dried)

	
4 μm pixel size, 60 kV, 166 μA, 0.25 mm Al filter, frame averaging 2, 180° rotation

	
Scanned in dried and in hydrated state; staining with Lugol’s solution [98]




	
Collagen/graphene oxide (freeze-dried)

	
58 kV, 385 mA

	
3D visualization; quantification of apatite formation within the polymeric matrix [65]




	
Fish skin gelatin/poly(vinyl alcohol) (freeze-dried)

	
0.61 μm, 50 kV, 199 µA, 5 average frames, 0.34° rotation step

	
Comparison between different staining agents/protocols—iodine, barium, silver nitrate, and hexa(methyl disilazane) [97]




	
Poly(L-lactide-co-ε-caprolactone) (PLCL) and PLCL/β-tricalcium phosphate

	
5.0–6.0 µm voxel size, 50 kV, 200 µA

	
Cells were labeled with 50 nm USPIO nanoparticles. Porosity and cell distribution were investigated [104]




	
Chitosan–agarose reinforced with nanohydroxyapatite

	
12 µm voxel size

	
3D visualization and porosity evaluation [123]




	
Whey protein-bioactive glasses doped with Cu2+ and Co2+

	
Not mentioned

	
3D visualization and porosity evaluation; comparison with results obtained through mercury intrusion porosimetry [124]




	
PCL/lactose/gelatin particulates

	
15 µm voxel resolution,

of 173 µA, 30 kV

	
3D visualization and porosity evaluation. Samples scanned before and after dissolution of particulates—correlation with drug delivery evaluation [160]




	
PCL and PCL/tricalcium phosphate (selective laser sintering)

	
70 μm pixel size

	
Visualization and porosity evaluation; evaluation of new bone formation [157]




	
Calcibon® cement/electrospun PCL fiber composites

	
2.4 μm pixel size, 70 kV, and 85 μA

	
3D visualization and morphometric analysis; quantification of material degradation after 4 weeks of implantation and new bone formation [182]




	
PP meshes coated with methacryloyl derivatives of gelatin (GelMA) and mucin (MuMA)

	
Coating: 2.75 µm pixel size, 45 kV, 200 µA, rotation step 0.1°; cells: 1.5 µm pixel size, 70 kV, 130 µA, rotation step 0.3°

	
Visualization of coatings and cells. Coatings were silver-stained, and cells were stained with 0.5% uranyl acetate [102]




	
Cellulose acetate (CA) membranes enriched with CNT and GO

	
Pixel size 0.5 μm, 50 kV, 200 µA, rotation step of 0.1°, exposure time 1200 ms, frame averaging 3

	
2D and 3D visualization and pore size distribution [128]




	
CaP/silk scaffolds (freeze-drying method)

	
55 kVp X-ray

energy setting

	
Evaluation of new bone formation after 4 weeks of implantation [184]




	
2-hydroxyethyl methacrylate/cuttlefish bone

	
7 µm pixel size, 70 kV,

175 µA, rotation step 0.4°

	
Visualization of new mineral formation within the polymeric matrix [156]




	
Bioactive glass scaffolds gelatin-coated, cross-linked gelatin-coated, and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

	
9 µm pixel size, 50 kVp, 200 µA, integration time of 450 ms

	
3D morphostructural characterization; bone ingrowth evaluation [186]




	
Hydroxyapatite/poly(lactic-co-glycolic acid) (3D-printed scaffolds)

	
Not specified

	
Micro-CT was influenced by the scattering effect of the metallic implant. Micro-CT images were not able to distinguish marrow space and soft tissue. SEM and histology assessments were also performed [190]




	
Nano-CT

	
Chitosan–gelatin biocomposite films reinforced with graphene oxide

	
3.5 µm pixel size, 5 kV, 200 μA, exposure time 300 ms, rotation step of 0.1°, frames averaging 5

	
3D visualization [126]




	
Micro-CT

	
Polycaprolactone/hydroxyapatite

	
Pixel 13.8 μm, rotation step 0.2°, exposure time 4 s, Al 0.25 mm filter

	
Scaffold visualization [78]




	
Synchrotron phase-contrast

X-ray

	
White X-ray beam with 19 keV peak energy, pixel size 0.9 μm

	
Cell visualization [78]




	
Ceramics




	
Imaging System

	
Material|

Fabrication Method

	
Scanning Parameters

	
Research Objectives and Remarks|References




	
Micro-CT

	
Hydroxyapatite

	
40 kV, 250 µA

	
3D visualization and porosity evaluation [129]




	
Hydroxyapatite (3D-printed scaffolds)

	
Resolution approx. 20 µm, 3000 ms shutter speed, 1 × 1 bin size

	
Evaluation of the influence of scaffold design bone ingrowth through micro-CT [189]




	
Alumina (Biolox® forte) femoral head

	
17.5–35 µm pixel size, 90 kV, 278 μA, Cu filter 0.1 mm, rotation step 0.40, averaging frames 3

	
Mass and volume loss were evaluated through micro-CT and gravimetrical method [201].




	
13.98 μm resolution, 100 kV, 100 μA, A Cu (40 μm) + Al (0.5 mm) filter, 360° scan, rotation step of 0.7°, with an exposure time of 310 ms

	
Scanned in dry and hydrated state. Bone ingrowth evaluation after 6 months of implantation. Comparison with histological results [187]




	
Metal & Alloys




	
Imaging System

	
Material|

Fabrication Method

	
Scanning Parameters

	
Research Objectives and Remarks|References




	
Micro-CT

	
Ti6Al4V powder (LPBF)

	
2 μm voxel size, 100 keV, 100 µA

	
Describes the workflow powder analysis [84]




	
Ti6Al4V microlattice structures (LPBF)

	
4 µm voxel size, 140 kV, 130 µA, 0.5 mm Cu filter, 500 N loading stage

	
3D visualization before and after in situ compression tests; porosity evaluation [168]




	
Ti6Al4V ELI alloy (electron beam melting)

	
60 µm voxel size, 220 kV,

120 μA

	
Comparisons between CAD models and 3D-printed scaffolds; effect of internal porosity on mechanical properties [92]




	
13.98 μm resolution, 100 kV, 100 μA, A Cu (40 μm) + Al (0.5 mm) filter, 360° scan, rotation step of 0.7°, with an exposure time of 310 ms

	
Scanned in dry and hydrated state. Bone ingrowth evaluation after 6 months of implantation. Comparison with histological results [187]




	
Ti6Al4V

	
18.5 µm voxel size, 135 kV, 70 μA

	
Visualization and porosity evaluation before and after mechanical testing




	
Titanium

	
10 µm pixel size

	
Porosity evaluation before and after compression tests [163]




	
Magnesium alloy (micro-arc-oxidized AZ31) femoral condyle

	
80 kV, 450 µA, 45 µm pixel size, 400 ms exposure time

	
Evaluation of the degradation of implants and new bone formation. Gravimetric measurements and histological analyses were also performed




	
Zirconia foams

	
Pixel size of 1.5 μm (for 80 pores/inch) foam and 3 μm (for 45 and 60 pores/inch), 100 kV and 100 μA, 360° scan with a rotation step of 0.1°, 0.11 mm Cu filter

	
3D visualization and morphometric analysis; compressive mechanical properties determined through FE using micro-CT scans [179]




	
Nano-CT

	
Ti6Al4V (selective laser melting)

	
90 kV, 170 µA, 1 mm Al filter and 1 mm Cu filter, exposure time 500 ms

	
ECM visualization and quantification; staining agents: Hexabrix 320 and PTA [107]











4. Limitations and Perspectives of the CT Technique


Since its release to the public in the 1970s, the CT—both the technique and the equipment—has suffered significant changes. What seemed to be unreachable 50 years ago is now common practice: scanning of a 3D object within a reasonable period of time, obtaining high-resolution images that allow the observation of details at less than 5 µm, and even more, using the registered data sets for quantitative measurements [203]. In addition, the fast progress of additive manufacturing technologies and the current focus on personalized medicine are also factors that put pressure on CT scanner producers to constantly improve their products, making them more accurate and user friendly. The obvious benefits of using CT as an advanced characterization equipment seem to be limited only by the relatively high cost of the apparatus and the need to be operated by trained professionals.



The development of new protocols as solutions for various issues encountered when scanning polymer-based scaffolds, hydrated materials, or soft tissue has also been established. To enable an accurate analysis, staining agents have been proposed [69,71,96,97,98]. Still, a universal protocol is unlikely to emerge since the type of sample and its composition dictates the specimen preparation and the parameters for scanning and reconstruction. Furthermore, the image data processing depends a great deal on the users’ ability to perform a proper separation of the object from the surrounding background (binarization) [204]. As a result, the necessity of using complementary techniques, such as SEM, AFM, or histology, to validate the obtained results has yet to be overcome. Due to the lack of generally accepted protocols and standards, the use of additional procedures is required to undoubtedly confirm the results of a study, leading to increased consumption of time and reagents and the use of complicated equipment and protocols. As far as the authors of this review are aware, using solely CT to discuss, for example, the architectural features or mineral composition of a scaffold has not been reported yet.



With respect to in vivo testing, CT proved to be a dependable technique. Not only it offers information about the degradation or integration of a scaffold into the native tissue, but it also allows scanning of the same sample at different time points, thus decreasing the number of sacrificed animals in preclinical trials.



The advances in the field of CT corroborated with the limitations of animal models for the validation of implantable scaffolds will soon render this technique indispensable in the field of tissue engineering. Time-lapse scanning can be successfully used to observe the behavior of a sample in various processes, such as degradation or integration [155]. Moreover, the great number of high-quality research studies that prove the adequacy of CT in establishing phase distribution, scaffold degradation, or implant wear performed in either in vitro or in vivo conditions demonstrates the potential of this technique to replace the current gold standard for these analyses. The number of studies in which CT is employed as a characterization method for scaffolds with biomedical applications is increasing yearly. A simple search on sciencedirect.com using as the keywords “CT and tissue engineering” generated over three times more articles in 2021 when compared with 2011. Since research topics no longer subscribe to a single domain and emphasis is put on interdisciplinarity, it would be safe to assume that in the following years, CT will become a popular analysis for the in-depth qualitative and quantitative characterization of scaffolds with biomedical applications.
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Figure 1. Laboratory CT working principle and main steps for data acquisition, reconstruction, visualization, and analysis. 
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Figure 2. Types of scaffolds’ characterizations and corresponding assessments performed using CT scanners. 
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Figure 3. Micro-CT image obtained following coating: (A) hydrogel coating on polypropylene mesh following 7 days of testing in acellular conditions, under uniaxial traction (B); micro-CT images after cell seeding at 1 (C) and 7 (D) days, respectively, reproduced after [102] (published under Creative Commons CC BY 4.0 License). 
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Figure 4. Panel I: µCT (a) horizontal cross-section and (b) vertical slice of empty nerve scaffold, showing PI scaffold (grey) and empty space (white). (c,d) show equivalent sections of a nerve scaffold with intergrowing tissue. Osmium stained tissue is dark grey, the PI scaffold is light grey, and empty space (PBS) is white. Tissue has grown down the majority of channels. Blood vessels can be seen as small white circles in the centre of channels (left) or as lines (right); panel II: 3-D model showing a 2 mm length of PI scaffold (white), and the intergrowth of regenerated tissue (black)—the position of the tissue as half of the scaffold is removed. Adapted with permission after [112], copyright Elsevier. 
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Figure 5. Front and top view 3D rendering of small volumes of the P(3HB-co-4HB) fiber mats and fiber diameter distributions for the unstrained (A), 33% (B), 193% (C), and 352% strained (D). The color map on the left represents fiber diameter in micrometers, reproduced after [166] (published under Creative Commons Attribution License). 
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Figure 6. After blanking the previous ROI, a new larger ROI was selected (diameter = 2.5 and length = 6.5 mm) in the same shape and same position to observe new bone formation and assess the stimulatory effects of magnesium alloy on the growth of new bone tissue. New bone formed over time at different rates throughout the experiment. Representative micro-computed tomography images from (A) 1, (B) 4, (C) 12, (D) 24, (E) 36 and (F) 48 weeks are shown. Yellow arrows indicate new bone. Reprinted with permission from [188] (published under Creative Commons Attribution License). 
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Figure 7. Three-dimensional rendered volume images of the retrieved acetabular liner scanned using micro-CT ((A) frontside view, (B) backside view, (C) isometric view) and 3D surface deviation maps in millimeters ((D) frontside view, (E) backside view). The liner has been oriented as it was in vivo, with the lip in the superior direction, Reprinted with permission from ref. [200], Elsevier. 
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