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SUMMARY: 
We propose a protocol for assessing bone regeneration at various hierarchical levels. This multimodal approach allows for structural analysis across different length scales, effectively addressing challenges in sample preparation. It also provides a reliable workflow for evaluating the effectiveness of biomaterials in promoting bone regeneration.

ABSTRACT: 
The clinical success of an implant largely depends on its ability to promote bone repair and facilitate osteointegration. While significant advancements have been made in designing new scaffolds, a thorough evaluation of implant success at various bone length scales has not been sufficiently investigated. Bone is a hierarchically organized tissue, with an intricate structure that ranges from the organization of collagen fibrils and their mineralization at the nanometer and micrometer scales to the macroscopic arrangement of compact and cancellous bone. This hierarchical organization is crucial for ensuring bone function and mechanical performance. In this context, a comprehensive assessment of the effects of biomaterials on bone repair at multiple length scales is essential for evaluating the effectiveness and safety of implanted materials. However, preparing samples for integrated multimodal analyses poses a technical challenge. In this work, we present a protocol designed to evaluate bone regeneration across various hierarchical levels and analyze the interface between newly formed bone and the implanted scaffold. This approach provides a robust method for assessing the effectiveness of scaffolds in inducing bone repair. The combination of selected 3D and 2D imaging techniques is crucial for a proper evaluation of the complex mineralized tissue that forms during the bone healing process

INTRODUCTION: 
Bone is a complex, hierarchically organized tissue1,2. Understanding its structural organization is essential for addressing fundamental questions related to how cells contribute to tissue architecture and how structural changes impact mechanical function3. In this context, bone remodeling after injury remains a central topic of investigation. Fracture healing is a complex multistage process, beginning with an initial inflammatory response, followed by angiogenesis and the differentiation of progenitor cells into chondrocytes and osteoblasts4,5. Much has been debated regarding the role of biomaterials to stimulate osteointegration, particularly about biocompatibility and their ability to prevent fibrous encapsulation6.

A commonly adopted method to assess biomaterial-stimulated osteointegration is optical microscopy, which enables both quantitative and qualitative histological analyses. This approach has been shown to be a reliable and effective way to evaluate the success of bone implants7,8. Nevertheless, several issues related to bone hierarchical organization cannot be explored by using a single imaging approach3, particularly the histological one, is limited at least in part by the magnification restriction of the method. 

Advances in three-dimensional imaging have proven essential for understanding bone hierarchical organization. Techniques such as microcomputed tomography (microCT; either synchrotron radiation or conventional laboratory-based X-ray sources)9–11, dual-beam scanning electron microscopy (FIB-SEM) associated with slice-and-view tomography12–14 and transmission electron tomography15,16 provided new insights into bone architecture at multiple scales. 

Based on different 3D imaging approaches, a model of bone hierarchical organization has been proposed, which initially identified nine distinct levels of bone structural organization1. This scheme has recently been revised and expanded to encompass approximately 12 hierarchical levels, serving as a valuable reference for exploring the relationship between structure and function in bone tissue2,17. Importantly, this proposed hierarchical model provides a foundation for evaluating the success of bone repair following injury. Evaluating whether the regenerated bone tissue reproduces the native hierarchical structure is a key standard in assessing the quality of bone healing, particularly when biomaterials are used within the damaged site. 

Although the use of multiple imaging techniques to investigate bone organization has been discussed6,7,18–20, little has been explored regarding a workflow that integrates different imaging modalities to assess bone mineral organization across multiple spatial scales. As mentioned, bone is a complex composite tissue, consisting of an organic phase (cells, collagen, and macromolecules) and a mineralized matrix. From a sample preparation perspective, this complexity presents technical challenges regarding solvent permeation through the sample, sectioning of a hard specimen, and the integration of different imaging strategies of the same sample. 

The key innovation in this work is the establishment of a reproducible, correlative, and multiscale imaging workflow using three-dimensional imaging and complementary techniques. As illustrated in Figure 1A, the workflow is designed so that the same sample can be sequentially examined using different imaging modalities. Because some of these techniques are destructive or require sectioning, the workflow follows an order that begins with non-destructive methods and progresses to approaches that involve cutting or material removal. 

This sample preparation and analysis workflow is broadly applicable to hard or mineralized specimens, including cortical and trabecular bone, pre-implantation scaffolds, and the evaluation of the bone/biomaterials interface after implantation. By combining imaging modalities that span different fields of view and resolution ranges (Figure 1B), the workflow enables the analysis of samples from the centimeter scale down to the micrometer and nanometer scales. While the sequence is optimized to support correlative analysis of a single specimen, each technique can also be applied independently according to the experimental goal. This approach enables a detailed assessment of biomaterials' osteointegration and the evaluation of the regenerated bone growth in the healing area.

PROTOCOL: 
The results presented in this protocol were obtained from an experimental procedure conducted in a previous study21. All procedures were carried out in accordance with the ethical guidelines of the Ethical Committee on the Use and Care of Experimental Animals at Fluminense Federal University, Brazil (CEUA/UFF: 779). Briefly, 20 male Wistar rats weighing between 300 and 400 g were randomly assigned to two groups: Sham and cHA-microsphere implantation. All animals underwent surgery in which a 2 mm defect was created in the tibial diaphysis. The Sham group served as a clot control to evaluate bone regeneration in a non-critical defect, whereas the experimental group received CHA37 microspheres implanted into the defect site. After 7 and 21 days, animals were euthanized with an overdose of general anesthesia, and tibial bone blocks from each group and time point (7 and 21 days) were collected. Bone quality and the extent of newly formed bone were assessed using optical microscopy and microCT.

1. Sample fixation and resin embedding

1.1 Immediately after euthanasia, remove the tibia containing the implanted biomaterial and transfer it to a vial containing Karnovsky fixative solution (2.5% glutaraldehyde, 4% formaldehyde in 0.1 M cacodylate buffer). Store the sample at -4 °C for at least 1 day.

NOTE: Prepare and handle the fixative under a fume hood to prevent exposure to volatile substances. All chemical handling must be performed using appropriate personal protective equipment (PPE), and additional technical safety measures should be implemented whenever required.

1.2	Transfer the sample from the fixative to a vial containing 0.1 M cacodylate buffer. Keep the sample under gentle rotation, changing the buffer 2x at 10-minute intervals. At this stage, trim the sample edges using a small saw to facilitate resin infiltration. When cutting the sample, keep it wet in the 0.1 M cacodylate buffer to prevent it from drying.

NOTE: Always keep the sample in a buffer volume that is at least 2x the sample volume. This should be followed for all the solutions and resin used in this protocol. When handling the chemical components mentioned above, work inside a fume hood and wear appropriate PPE. Collect the fixative solution and cacodylate buffer waste in clearly labeled, chemically compatible containers with properly fitted caps. Follow the institutional Standard Operating Procedures (SOPs) for the safe storage and disposal of hazardous chemical waste.

1.3 Begin the dehydration process using increasing concentrations of acetone (10%, 30%, 50%, 70%, 90% and 100%). Keep the sample under rotation for 30 min at each concentration. Repeat the 100% anhydrous acetone step 3x.

NOTE: When handling acetone, work inside a fume hood and wear appropriate PPE. After using it, collect any residual solvent in clearly labeled, chemically compatible waste containers with properly fitted caps. Follow the institutional SOPs for the safe storage and disposal of hazardous chemical waste.

1.4 Infiltrate with spur resin by transferring the sample through a series of graded acetone-to-resin ratios: 2:1, 1:1, 1:2, and ultimately pure resin. Each step should last 12 h and be conducted under rotation at room temperature. After graded acetone-to-resin infiltration, change the pure resin 2x. Finally, transfer the sample to a mold containing pure resin and polymerize the sample at 70 °C for 24 h.

NOTE: The resin was prepared according to the data sheet to achieve medium hardness. When handling spur resin, work inside a fume hood and wear appropriate PPE. After use, collect any residual in clearly labeled, chemically compatible waste containers with properly fitted caps. Follow the institutional SOPs for the safe storage and disposal of hazardous chemical waste.

2. Sample visualization using microcomputed X-ray tomography (microCT) 

NOTE: microCT is used to assess implant positioning and bone regeneration. It also helps identify potential regions of interest for further analysis. This step should be performed with the sample embedded in resin. 

2.1	Utilize a sample holder provided by the manufacturer as a base, ensuring that the sample is positioned securely to prevent movement during the scan. Use low-density materials for support, such as polystyrene, gauze, or microcentrifuge tubes.

2.2 Visualize using the following optimal scanning parameters: tube voltage/current = 60 kV/133 mA; angular step = 0.33°; averaging frames = 5; voxel size = 5 μm; rotation mode = 180°. For samples containing metallic implants, use a 360 ° rotation and a 0.5 mm aluminum filter.

NOTE: During bone regeneration, the thickness of trabecular-like woven bone is typically within the resolution limits of conventional microCT imaging. To accurately quantify conventional morphometric parameters of trabecular bone, such as trabecular thickness, separation, and number, it is recommended to use the smallest voxel size (5 µm as specified). If the Region of Interest (ROI) exceeds the Field of View (FOV) at this nominal resolution, first use the multiscan feature to tile the ROI. Consider increasing the voxel size only as a last resort if the ROI cannot be captured via multiscan.

2.3 After scanning, the raw acquisition data consists of a series of numbered image files. Perform reconstruction using the software provided by the manufacturer, with a focus on minimizing artifacts in the region of interest of the sample.

NOTE: It is common to encounter image artifacts along the borders of the images, particularly in areas that will not be analyzed. The final volume can be cropped using the manufacturer's software to eliminate these regions.

2.4 Analyze the reconstructed volume using various 3D visualization software options, such as Avizo, VGStudio Max, CTVox, and Dragonfly22. Apply digital image filters to remove artifacts. In this case, use the Non-local Means Denoising method for this purpose19. 

NOTE: Non-local Means Denoising filter smoothing values should be kept as low as possible, not to hinder the interface's important details. 

3. Sample preparation for optical microscopy

3.1 Select the sample sectioning direction according to the experimental objective. The tibia can be sectioned either transversely or longitudinally along the long axis of the bone. Use transverse sectioning to produce serial sections that cover the entire defect volume. Longitudinal sectioning is appropriate to evaluate bone regeneration along the long-axis direction. However, this approach provides only a single section of the defect.

3.1.1 Use a low-speed diamond saw disk to section the sample into 1 mm slices, following the experimental strategy. 

NOTE: It is recommended to use a diamond disk with a thickness of 0.006 to 0.012 inches. Thinner blades allow for highly accurate cuts, with minimal material loss due to blade thickness.

3.1.2 Fill the liquid reservoir until the fluid level covers the bottom edge of the blade. 

NOTE: Distilled water is suitable for bone samples. However, if excessive heating is anticipated, such as with samples containing metal implants, use the oil provided by the equipment manufacturer to fill the reservoir.

3.1.3 Secure the sample to the specimen holder and attach it to the instrument arm. Ensure that the sample is stable and horizontal to the surface of the disk. Use the positioning knobs to adjust the specimen cut region to the disk. 

3.1.4 Begin cutting the sample using higher speed settings (210 – 250 RPM) and apply low pressure until an indentation forms on the sample. Then, reduce the speed (to 93 – 124 RPM) to complete the sectioning smoothly and prevent excessive vibration.

3.1.5 Stop the saw immediately after the cut is complete. Adjust the system properly to ensure cutting ceases as soon as the sample is detached from its original block.

3.2 Examine the sample using a stereomicroscope. Begin at low magnification (e.g., 5x–10x) to inspect the entire specimen, then increase the magnification (e.g., 20x–40x) to select the region of interest according to the scientific question. The exact magnification range may vary depending on the instrument used. In this work, regions exhibiting a higher density of interfaces between newly formed bone and the biomaterial were selected for further analysis.

3.3 Sample mounting for thinning

3.3.1 Mount the sample on a support to facilitate proper handling during polishing. If the sample is intended solely for optical microscopy analysis, attach it directly to a plastic coverslip using superglue on the previously polished side.

NOTE: Plastic slides are recommended due to their improved adhesion. Glass slides may also be used (after extensive washing with neutral soap). However, glass slides increase the risk of sample detachment during polishing.

3.3.2 For samples that will be further analyzed using a correlative approach, mount on a two-part aluminum tube assembly. In this protocol, a homemade aluminum tube assembly was developed, consisting of an inner solid cylinder with a diameter of 2.5 cm and an outer hollow cylinder that provides mechanical support during polishing. The sample is attached to the inner solid cylinder.

3.3.3 Place the inner aluminum cylinder on a hot plate and heat it to a temperature suitable for melting the wax (typically around 60–70 °C, depending on the type of wax used).

NOTE: Beeswax is also suitable. When handling mounting wax, work inside a fume hood and wear appropriate PPE. After use, collect the residual in clearly labeled, chemically compatible waste containers with properly fitted caps. Follow the institutional SOPs for the safe storage and disposal of hazardous chemical waste.

3.3.4 Apply a small amount of wax onto the surface of the cylinder and allow it to melt completely.

3.3.5 Once melted, place the sample with the surface of interest down onto the wax-coated surface and gently press it to ensure complete contact.
NOTE: The surface of interest should face the cylinder surface so that thinning is performed on the opposite side. Avoid using excessive wax, as this may lead to uneven mounting and affect polishing quality.

3.3.6 Remove the cylinder from the hot plate and allow the wax to solidify at room temperature.

3.4 Monitoring sample thickness during polishing

3.4.1 To monitor the sample thickness during the polishing process, use reflection microscopy at low to intermediate magnification (e.g., 10x-20x). A diagram illustrating the microscope calibration and the sample thickness measurement is shown in Figure 2. 

3.4.2 Calibrate the microscope Z-axis with a standard coverslip, which is typically around 150 µm thick. Mark one side of the coverslip with a red permanent marker and an adjacent area on the opposite side with a blue marker. Mount the coverslip on a glass slide.

3.4.3 Using the fine focus knob and the micrometer scale, focus first on the bottom surface of the coverslip and then on the top surface.

3.4.4 Record the Z-displacement value. This value corresponds to the coverslip thickness (approximately 150 µm) and serves as a reference.

3.4.5 While polishing the sample, periodically use this Z-axis calibration to estimate the sample thickness without removing it from the aluminum cylinder.

NOTE: This technique allows for quick and non-destructive thickness estimation during polishing. Alternatively, the sample can be removed from the mount and measured with a digital caliper or micrometer.

3.5 Thinning and polishing 

3.5.1 Begin the coarse and intermediate polishing using sandpaper with grit sizes of 1200, 2500, and 4100. The objective of this step is to reduce the sample thickness to approximately 0.15 mm while removing significant surface irregularities.

3.5.2 Start with 1200 grit sandpaper, then progress to 2500 grit. Apply light pressure during this process. Periodically monitor the sample thickness using reflection microscopy while polishing.

3.5.3 Once the desired thickness is achieved, polish both sides of the sample using 4100-grit sandpaper. Polishing can be performed manually or with a semi-automatic polishing machine set to low rotation speed. Clean the sample thoroughly with distilled water continuously during each polishing step.

NOTE: Keeping the samples and sandpapers wet during polishing helps reduce heat and prevents surface contamination from the rougher sandpapers.

3.5.4 For final polishing, apply a small amount of diamond paste (e.g., 6 µm or 3 µm) onto a felt polishing cloth mounted on a polishing disc. Select the diamond paste particle size according to the surface roughness of the sample. 

NOTE: A 6 µm paste is suitable for preliminary fine polishing, whereas a 3 µm paste is recommended for final mirror polishing. When possible, using both pastes sequentially yields the best results. Nevertheless, satisfactory polishing can still be achieved using only the 6 µm paste.

3.5.5 Gently polish both sides of the sample with minimal pressure. Use compressed air or cotton to dry the sample's polished surface before microscopy investigations.

3.6 To detach the sample from the cylinder, warm the wax using a hot plate and clean any residual wax off the sample using anhydrous acetone.

NOTE: When handling mounting wax and anhydrous acetone, work inside a fume hood and wear appropriate PPE. After use, collect the residual in clearly labeled, chemically compatible waste containers with properly fitted caps. Follow the institutional SOPs for the safe storage and disposal of hazardous chemical waste.

3.7 Mount the sample between a glass slide and coverslip using immersion oil as the mounting medium and evaluate collagen fiber orientation using polarized light microscopy. Start at low magnification (e.g., 5x-10x) to survey the sample and increase to intermediate magnification (e.g., 20x-40x) to identify potential regions for further exploration using electron microscopy.

NOTE: To proceed with the correlative workflow and subsequent analysis of the sample by scanning electron microscopy, it is advisable not to seal the sample.

4. Sample preparation for scanning electron microscopy

4.1 Carefully remove the sample from the glass slide. Gently slide the coverslip off the glass slide using a pipette tip. Use filter paper to remove the excess immersion oil. Wash the sample with neutral soap. Perform the washing inside a small container to avoid accidental sample loss.

NOTE: If residual immersion oil is still present on the sample, gently clean the surface using a cotton swab lightly moistened with 70% ethanol.

4.2	Leave the sample to air dry on a filter paper. Compressed air or cotton can also be used to dry the sample. Once fully dry, mount the sample on a stub using carbon tape. Sputter-coat the sample with a 10 nm layer of gold to prevent charging during imaging.

4.3 Utilize the dual beam FIB-SEM microscope to explore the sample through various methods.

4.3.1 In the SEM (scanning electron microscopy) mode, using either secondary electrons or backscattered electrons, evaluate the sample morphology, biomaterial, and the newly formed bone interface in regions previously selected by optical microscopy. 

4.3.2 In focused ion beam-scanning electron microscopy (FIB-SEM) mode, perform slice-and-view tomography.

4.4	In SEM mode with the secondary electron detector, select areas that were previously analyzed using polarized light microscopy and SEM to proceed with slice-and-view tomography acquisition.

4.5 Adjust the parameters for trench volume, pixel size, and slice thickness based on the features of interest. In our setup, slice-and-view tomography was conducted with a trench volume of 15 μm x 10 μm x 10 μm, a pixel size of 20 nm, and a slice thickness of 60 nm. It is recommended to use an isometric voxel size whenever possible for enhanced imaging quality across all three dimensions (XYZ).

NOTE: These parameters may vary depending on the specific FIB-SEM system. Consult the equipment operator to determine the optimal conditions based on your analytical requirements and the capabilities of the system.

5. Alignment, filter processing, and segmentation of FIB-SEM slice-and-view tomography

5.1 Slice-and-view tomography generates a series of images that are numbered sequentially. To proceed with alignment, convert the series into an MRC file, commonly referred to as a stack.

5.2 Perform MRC file generation and image stack alignment using IMOD software.

NOTE: Other software, such as Avizo and FIJI/ImageJ, also offer stack alignment plugins. For detailed guidance, refer to each software-specific documentation. Additionally, the work of Peddie et al.23 offers an overview of the approaches adopted during stack alignment.

5.3 To generate the MRC file, open the terminal or command prompt, navigate to the folder containing the image sequence, and execute the following command: 
tif2mrc imagerootfile*.tif stackname.mrc

5.3.1	For images that are not in TIFF format, use raw2mrc instead. Add -g (e.g., tif2mrc -g) to convert 24-bit RGB images to 8-bit grayscale. This will substantially reduce the computation time. 

5.4 Launch Etomo from the terminal and select the option Align Serial Sections. Follow the sequence to align the stack: (1) Load the unaligned stack into a single frame. (2) Algin tab using Initial Auto Alignment. (3) Make a Stack tab using Make Aligned Stack, then open the aligned stack.

NOTE: This process may take several minutes, depending on the stack size and the performance of the system. 

5.5	Once completed, review the result. The aligned stack file will be named stackname_ali.mrc.

NOTE: This procedure uses the system default settings for stack alignment. However, parameters related to the initial alignment and final stack generation can be modified according to user preferences. For detailed guidance, refer to the IMOD documentation: https://bio3d.colorado.edu/imod/doc/serialalign.html.

5.6 Perform additional image filtering using the Avizo software. Open the aligned stack and sequentially apply the following filters: Fast Fourier transform (FFT) filter, available in the Sandbox Filter plugin (select the option of vertical stripe orientation, tolerance value: 2), Shading correction wizard (adjust mask selection to cover all the shadow area of the image, use normalizing factor of 100), Histogram equalization (default configuration), and Non-local means (adjust values to 5; 0.1; 10; 3).

NOTE: Equivalent filters are available in other image analysis software. In FIJI/ImageJ, we recommend the following sequence: FFT filter, Subtract Background, Enhance Local Contrast (CLAHE), and Non-Local Means filter.

5.7 Proceed to image segmentation and 3D rendering using the software. Different segmentation strategies are available, including manual segmentation and threshold-based segmentation. Additional tools, such as the Watershed algorithm, can help automate the process and reduce the time required for segmentation.

6. Sample preparation for transmission electron microscopy

6.1 Prepare lamellae using focused ion beam scanning electron microscopy (FIB-SEM) for assessing the bone/biomaterial interface. 

NOTE: If the implanted biomaterial is not ceramic or metallic, as in this study, ultrathin sections suitable for transmission electron microscopy (TEM) can be prepared using an ultramicrotome. However, it is important to note that sectioning mineralized materials can significantly reduce the lifespan of the diamond knife.

6.2 Post-stain the ultrathin sections for 20 min in an aqueous solution of 5% uranyl acetate.

NOTE: When handling uranyl acetate, work inside a fume hood and wear appropriate PPE. After use, collect any residual solvent in clearly labeled, chemically compatible waste containers with properly fitted caps. Follow the institutional SOPs for the safe storage and disposal of hazardous chemical waste.

6.3 Analyze the sections using TEM. For a comprehensive analysis, combine imaging with selected area electron diffraction (SAED), energy-dispersive X-ray spectroscopy (EDS), and electron tomography.

RESULTS:
The initial analysis of resin-embedded samples is performed using microcomputed tomography (microCT). This non-destructive technique facilitates 3D visualization of the entire defect area, enabling both quantitative and qualitative analyses of the sample. Contrast in microCT imaging derives mostly from the density differences of the materials present in the sample. Figure 1 illustrates the microCT analysis of a non-critical defect in a rat tibia that was implanted with the CHA37 biomaterial. The sample was collected 12 weeks post-implantation and prepared following the resin-embedding protocol previously described. The microCT analysis produced a 3D model that reveals the internal structures of the sample (Figure 3A–B) and allows for the differentiation between bone, biomaterial, resin, and newly formed bone (Figure 3C–D). By analyzing parameters such as the volume distribution of material fragments and the relative volume occupied by trabecular bone versus biomaterial, we can effectively characterize the interaction between bone and material at the micrometric scale24. As an example of such analysis, the work conducted by Zelaya et al. 21 explored the trabecular bone architecture in tibial defects 21 days after CHA microsphere implantation. Their results showed that the microspheres disaggregate into smaller fragments ranging from 20 to 400 μm in diameter. Additionally, trabeculae were found to form direct contact with the surface of approximately 70% of these fragments and exhibited a relatively uniform thickness of about 31 μm. In contrast, the average thickness of trabeculae developing in defects without biomaterial reached 58 μm at the same implantation time. Altogether, these findings illustrate how 3D measurements can provide important complementary information about the bone regeneration process.

After microCT imaging, the resin-embedded samples (Figure 4A) are sectioned for optical microscopy analysis. Sectioning can be performed either transversally (Figure 4B, orange rectangle) or longitudinally along the bone's long axis (Figure 4B, blue rectangle). Transversal sectioning allows the production of serial sections across the entire defect volume, while longitudinal sectioning provides a single section of the defect. It is important to note that the success of transversal serial sectioning heavily relies on the operator's skill and the thickness of the diamond disk used. Here, we exemplified the expected results by obtaining a single longitudinal section of the defect area (Figure 4C). The sectioning and polishing steps are critical and must be conducted with careful attention to prevent damaging the samples. In this protocol, we utilized a custom-made aluminum tube assembly, which consists of an inner solid cylinder and an outer hollow cylinder (Figure 4D). The sample is mounted onto the inner solid cylinder using mounting wax. This inner component is then inserted into the outer hollow cylinder (Figure 4E–F), ensuring that the sample faces the sandpaper. This setup allows for controlled thinning and polishing of the sample by applying a uniform pressure determined solely by the weight of the inner cylinder, preventing excessive or variable force during polishing.

Analysis through optical microscopy represents a key step in sample localization and in establishing a correlative bridge across different imaging modalities (Figure 5). After polishing and initial examination on the optical microscope, intrinsic sample features, such as defect regions, areas containing biomaterial, and bone morphology, allow the region identified under the light microscope to be matched to the corresponding location in the microCT dataset (Figure 5A). Following this first-level identification, the sample is further examined using polarized light microscopy (Figure 5B-C), which provides valuable insights into the organization of collagen fibers in newly formed bone. The thickness of the sample plays a crucial role at this stage. Thick sections affect light transmission, limiting the evaluation of collagen orientation. As the same sample observed in optical microscopy is subsequently evaluated by dual-beam scanning electron microscopy (FIB-SEM), the correlation regions of interest still rely largely on sample intrinsic structural characteristics (Figure 5E). However, if additional cutting or trimming is required between optical and FIB-SEM analysis, appropriate strategies should be considered to maintain accurate correlation across techniques. In such cases, structural landmarks and fiducial markers (micro-indentations or laser marks) can greatly facilitate the precise relocation of the region of interest.

FIB-SEM allows for high-resolution evaluation of the interface between the newly formed bone and the biomaterial. In this technique, the sample is first imaged using the scanning electron microscope (SEM) mode, enabling precise localization of areas of interest (Figure 5E). Following this, a volume of the selected region can be further examined using slice-and-view tomography (Figure 5F-G). This technique involves sequential milling and imaging of the sample. The volume analyzed through slice-and-view tomography varies depending on the specific equipment and its intended use.

After acquiring slice-and-view tomography data, the image stack is aligned for evaluation. Additional filters can be applied to the aligned stack to enhance the visualization of features of interest. In this study, we applied a sequence of four image-processing filters available in the software to improve overall image quality (Figure 4). First, a Fast Fourier Transform (FFT) filter is applied to remove artifacts caused by gallium beam sectioning during FIB milling (Figure 6A–B, arrows). The curtain artifacts appear on the final image as vertical lines and severely affect the visualization of the features of interest. The artefacts arise from uneven milling rates related to surface roughness and can be partially mitigated by GIS deposition or prior sample polishing. Because curtaining produces a strong directional frequency component, FFT filtering is the most effective first step. If not corrected, these artifacts propagate through subsequent processing steps, being amplified during the use of filters that improve contrast. 

Next, the Shading Correction Wizard module was used to address uneven illumination across the block surface (Figure 6B–C, asterisk), which arises from detector geometry, charging effects, or slight variations in beam current during slice-and-view acquisition. Performing shading correction after FFT filtering ensures that only the true background gradient is corrected, without interference from high-frequency curtaining patterns. Following this, a histogram equalization filter was applied to enhance image contrast (Figure 6D). The use of a histogram equalization filter after correcting the curtain effects and the uneven illumination allows the amplification of sample structural details without unintentionally boosting artifact-related intensity variations. While this step improves visual distinction between structures, it also increases image noise, leading to pixel intensity variability that may impact automated segmentation strategies. To mitigate this issue, we employed a denoising filter (Non-Local Means) to reduce image noise while preserving structural details (Figure 6E). A comparison of the same region of interest (ROI) in both the raw and fully processed images shows how the sequential application of these filters significantly enhances image quality and overall interpretability (Figure 6F). Notably, these filters are also available in other widely used software platforms for electron microscopy image analysis, including FIJI (ImageJ), an open-source software. As the algorithms and operations are equivalent, the expected results (using identical parameters) are consistent across software platforms. The main differences are related to software interface, computational requirements, and licensing constraints.

After enhancing the image quality using various filters, we can apply segmentation strategies to the aligned volume stack. Although segmentation can be performed manually, this approach can be time-consuming (see Figure 7A). When there is enough contrast between the features of interest, threshold-based segmentation can be quite effective. However, this method may also capture unwanted features with similar pixel densities, requiring additional manual refinement (Figure 7B). Threshold-based segmentation tools are available in several software packages, including Avizo, Dragonfly, IMOD, and FIJI. As with the image-processing workflow, the segmentation outcomes obtained with these platforms are generally consistent, with major differences arising from interface design and licensing constraints. Therefore, users should verify software requirements and availability through each platform's official website.

Once the segmentation is complete, we can render the structures of interest into a 3D model (Figure 7C). This enables us to visualize features such as the osteocyte canalicular network. Furthermore, three-dimensional rendering can be enhanced by software-specific analytical modules, like the Thickness Map, allowing the measurement of canalicular diameter throughout the entire osteocyte canalicular network (Figure 7C-D). Although the 3D analyses in this work were performed using Avizo, it is important to note that equivalent functionality is available in FIJI through the Local Thickness plugin. For additional details about its implementation, consult the plugin documentation (https://imagej.net/imagej-wiki-static/Local_Thickness).

TEM analysis allows for the examination of the bone/biomaterial interface at the nanoscale. This analysis can be combined with selected area electron diffraction (SAED), energy dispersive spectroscopy (EDS), and electron tomography to provide a detailed characterization of the sample. Figure 8 shows an interface area of a sample that was sectioned using a diamond knife. Note that fractures are observed on the biomaterial in the direction of the cutting (Figure 8A, arrows). SAED patterns are crucial for distinguishing between bone and biomaterial regions (Figure 8B-C). By indexing the electron diffraction patterns acquired in TEM, it is possible to identify the crystalline phases present in the sample based on the analysis of interplanar distances. In this case, both the biomaterial (Figure 8B) and the bone (Figure 8C) are composed of hydroxyapatite crystals. However, in the bone areas, the 002 ring appears incomplete, indicating that bone crystals grow according to collagen orientation. Additionally, EDS analysis can provide elemental information about the sample (Figure 8D-G). The bone/biomaterial interface can also be further investigated through electron tomography, which offers a 3D analysis at the nanoscale concerning implant osteointegration.

FIGURE AND TABLE LEGENDS:
Figure 1: Integrated sample preparation and imaging techniques used for correlative analysis. (A) Sequential sample preparation steps, beginning with specimen retrieval and proceeding through the preparation required for each imaging technique. (B) Overview of the field of view and spatial resolution associated with each technique. 

Figure 2: Schematic representation of the reflection-based thickness measurement procedure. (A) System calibration using a marked coverslip. The microscope focus is first adjusted to the lower mark and then to the upper mark; the displacement observed on the fine-focus scale corresponds to the coverslip thickness. (B) Measurement of sample thickness. After placing the sample on the stage, the focus is adjusted sequentially to the bottom and top surfaces of the sample. The difference in the fine-focus scale readings reflects the actual sample thickness.

Figure 3: Microcomputed X-ray tomography evaluation of a rat tibia defect implanted with CHA37 biomaterial, 12 weeks post-implantation. (A) A representative 3D volume of a longitudinal section of the bone is shown, highlighting the defect and the implanted biomaterial. (B) The same volume as in panel A, rendered with higher-density pixels that correspond to the biomaterial fragments. (C) 2D cross-section of a virtual transversal slice (red line in A), depicting different gray levels in cortical, immature bone, biomaterial, resin, and background. (D) Gray value variation from a line profile (yellow line in C), illustrating the intensity levels of the different materials present in the sample.

Figure 4: Sample sectioning and polishing. (A) Resin-embedded sample. (B) Schematic representation of possible sectioning approaches to the sample. Sectioning can be performed either transversely (indicated by the blue rectangle) or longitudinally (indicated by the orange rectangle). (C) Longitudinal section of a tibial defect. (D-E) Custom-made cylinder system used for sample thinning and polishing. The sample is first attached to the inner solid cylinder, which is then inserted into the hollow outer cylinder with the sample surface facing the sandpaper. (F) Diagram illustrating how the assembly of the components is configured.

Figure 5: Correlation of the defect area using different imaging techniques. (A) Microcomputed X-ray tomography 2D slice imaging of the defect area. Biomaterial (BM) fragments are observed at the center of the defect, whereas trabeculae related to bone repair are seen close to the defect border. (B-D) Optical microscopy analysis of a polished section of the sample. Bright field imaging highlights both biomaterial fragments and bone. (C) Polarized light microscopy differentiates the preexisting bone, shown in blue, from the newly formed bone during healing, depicted in orange. A first-order lambda plate with the higher refractive index parallel to the elongated blue lines in the figure was used. (D) Higher magnification of the area selected in C. An interface of bone growing in close apposition to a preexisting cortical bone, but with type I collagen fibers oriented perpendicular (thin yellow region), is shown on the dashed circle. (E) Scanning Electron Microscopy imaging in Secondary Electron (SE) mode. (F) Trench-milled region for slice-and-view tomography acquisition. The bright area within the trench indicates where platinum was previously deposited to protect the area designated for milling. (G) Face of the trench displaying bone morphology seen on a growing trabecula. BM: biomaterial.

Figure 6: Image filtering corrects Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) artifacts and enhances feature distinction. (A-F) Raw FIB-SEM images display characteristic artifacts such as curtain effects (A, arrows) and uneven illumination (A-B, asterisk). These artifacts were reduced by sequentially applying an FFT filter (B) followed by the Shading Correction Wizard module (C). Afterward, a contrast enhancement filter (D) and the Non-Local Means denoising filter (E) were applied. As result, the internal features of the sample are more clearly distinguished in the final processed image compared to the raw image (F).

Figure 7: Imaging segmentation and 3D model display. (A) Features of interest can be manually segmented using image analysis software. (B) If the features show sufficient differences in pixel intensity, threshold-based segmentation can be applied. (C) After segmentation, a 3D rendered model is generated. Additional analyses, such as the Thickness Map module available in the software, can be utilized to associate measurements, like canalicular diameter, with the rendered structures. (D) Thickness map results were plotted on a frequency histogram of canalicular diameter. The mean diameter was 166.1 ± 60.66 nm.

Figure 8: Transmission Electron Microscopy analysis of the bone/biomaterial interface. (A) A fragment of the biomaterial (BM) is surrounded by mineralized tissue. Cracks in the biomaterial, caused by ultramicrotomy, are indicated by arrows. (B–C) Selected Area Electron Diffraction (SAED) patterns acquired from regions corresponding to the biomaterial and mineralized tissue, respectively. (D–G) Energy-dispersive X-ray spectroscopy (EDS) analysis of the interface. The region of interest is shown in a Scanning Transmission Electron Microscopy (STEM) image (D), along with corresponding elemental maps for phosphorus (P) and calcium (Ca; E-F). (G) The global EDS spectrum from the imaged area shows characteristic peaks for phosphorus (P) and calcium (Ca). 

DISCUSSION: 
Different imaging techniques have been employed to investigate bone architecture and assess the effectiveness of biomaterials in inducing osteointegration7,21–24. In this protocol, we established a workflow that incorporates X-ray microtomography, optical microscopy, and electron microscopy to analyze the mineralized bone tissue formed in a rat tibia defect following biomaterial implantation. Executing this workflow requires substantial commitment and access to specialized instrumentation. While microCT and optical microscopy are relatively accessible and involve moderate acquisition times, high-resolution approaches such as FIB-SEM tomography, lamella preparation, and TEM require more advanced equipment. Moreover, data processing for slice-and-view tomography is labor-intensive and can extend over several months for a single dataset, particularly during 3D reconstruction and segmentation. However, bone regeneration studies typically rely on a large number of samples as biological replication can increase data variability and compromise statistical robustness. To address this challenge, it is recommended that all samples undergo an initial global assessment by microCT. This technique provides a rapid, non-destructive, and reliable evaluation of defect healing and biomaterial performance25,26. Following segmentation, biomaterials and newly formed bone volume can be quantified across all samples, enabling comparison between groups and evaluation of reproducibility. Based on these microCT outcomes, a subset of representative specimens can then be selected for more detailed analyses using the subsequent imaging modalities described in this protocol. This two-step strategy ensures adequate biological replication during the initial screening while allowing comprehensive multiscale characterization of representative samples.

Importantly, the trabecular bone parameters obtained by microCT, such as trabecular thickness and inter-trabecular angles, represent valuable data for establishing correlation models with mechanical test outcomes27. Previous studies have successfully integrated microCT-derived volumetric information with finite element analysis to estimate the mechanical properties of fracture callus tissue, demonstrating its usefulness in fracture-healing research27–30. Additionally, recent work by Reznikov et al. showed that quantifying inter-trabecular angles provides important insights into the relationship between trabecular microarchitecture and normal locomotive function31. The parameter regarding the inter-trabecular angles was later applied to evaluate bone regeneration in the presence and absence of nanostructured cHA/alginate microspheres. Notably, similar inter-trabecular angle motifs were observed in both the clot and biomaterial-treated groups, indicating that the biomaterial does not interfere with the intrinsic topological organization of trabecular bone during regeneration11.

One of the strengths of this protocol is its adaptability; the methodology can be customized for different types of biomaterials, anatomical locations, or animal models. Although the representative results presented in this protocol are based on the analysis of CHA37 samples, recent reviews have broadly demonstrated the applicability of the techniques employed here to other biomaterial systems, including titanium-based implants and hydroxyapatite ceramic scaffolds6,18,19,32,33. Each technique employed in this protocol has distinct advantages, but there are also limitations associated with each method. Key limitations include issues related to sample preparation, artefact generation, and image resolution, which should be considered when interpreting the data obtained from each technique. A major difficulty lies in evaluating the mineral and organic parts of the sample simultaneously. In this protocol, we focused on the analysis of mineralized tissue. Nevertheless, some organic counterparts of the sample can also be observed. For example, the osteocyte lacuna can be identified in the different approaches used in this work. Furthermore, the post-staining of the sample with uranyl acetate also highlights the organic part of the sample, which includes intracellular organelles, cells that are not embedded in the mineralized tissue, and non-mineralized collagen matrix. 

Another critical limitation in sample evaluation is the resolution constraints of each technique. While conventional laboratory-based microCT using an X-ray tube provides a detailed overview of bone regeneration in the defect area, it is not capable of accurately resolving osteocyte lacunae or early woven bone trabecular-like structures due to these resolution limitations. In such cases, synchrotron-based microCT (SR-microCT) is recommended for higher-resolution analyses34.

Optical microscopy offers better resolution for identifying the bone/implant interface. The addition of polarized light microscopy provides further insights into collagen fibril orientation, a feature not easily observed using the other techniques in this protocol. The same area examined by optical microscopy can be subsequently mounted on a stub for evaluation by scanning electron microscopy, allowing a 2D visualization of a pre-defined region of the sample.

Considering analysis of smaller regions of the sample, FIB-SEM slice and view tomography, and transmission electron tomography can provide a detailed evaluation of the interface at the nanoscale. This analysis is important to distinguish trabecular and cement sheath structures35 . Furthermore, the use of FIB-SEM, either for the acquisition of slice-and-view tomography or for lamella preparation for electron microscopy, allows the operator to choose the regions of interest in the sample, giving a more user-directed analysis of regions of interest19. 

The visualization of the sample's finer structural details is achieved through transmission electron microscopy (TEM). Sample preparation for TEM represents a bottleneck in the study of the implanted biomaterials. The main limitation relates to the hardness of biomaterials. Titanium alloys and ceramic-based biomaterials, for example, cannot be sectioned with a diamond knife in an ultramicrotome. Softer biomaterials, such as hydrogels or the HA/alginate microspheres used in this study, can be sectioned. Nevertheless, even in these cases, ultramicrotomy frequently produces artifacts, including cracks within the biomaterial36. Figure 8A illustrates a typical sectioning artifact observed after ultramicrotome cutting. In addition, attempting to section samples harder than resin-embedded cells reduces the lifetime of the diamond knife. For these reasons, lamella preparation using FIB-SEM offers an optimized approach for evaluating the bone/biomaterials interface. Compared with ultramicrotomy, FIB-SEM enables the targeted extraction of regions of interest with high spatial precision and minimal mechanical damage. Although FIB-SEM preparation also introduces certain artifacts, such as curtaining effects, redeposition, ion implantation, and amorphization, it remains a valuable method for preparing hard samples for TEM analysis37. In general, FIB-milled sections offer a smaller field of view (approximately 5 µm x 6 µm) compared with ultramicrotomy (several hundred micrometers)38.

The TEM approach combines morphological analysis at the nanoscale with crystallographic information obtained through electron diffraction and high-resolution TEM (HRTEM). Furthermore, elemental information can be collected using energy-dispersive X-ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS). While EDX can be performed using scanning electron microscopy (SEM), conducting EDX in scanning transmission electron microscopy (STEM-EDX) offers improved resolution39. Additionally, three-dimensional analysis of the bone/biomaterials interface at the nanoscale can be explored by electron tomography18,40. In this context, the work by Grandfield et al. explored the bone/implant interface in titanium alloys by combining elemental EDS analysis with electron tomography. Their study provided important insights into the interface between bone and titanium dioxide surfaces, demonstrating how correlative multimodal approaches can reveal features that are not accessible through conventional two-dimensional imaging41.

The multimodal workflow employed in this study provides complementary insights that would not be achievable with a single imaging technique. As mentioned, microCT represents an important approach for assessing global biomaterial fragmentation and overall defect morphology. Nevertheless, fine-scale analysis of the bone–biomaterial interface can be more effectively explored using FIB-SEM, which enables detailed visualization of microscale features and improves the identification of mesoscopic bone organization at the interface. Another important aspect of the correlative strategy relies on the combination of polarized light microscopy and TEM. Whereas polarized light microscopy reveals the organization of collagen fibers, allowing assessment of the organic component and the identification of preferential orientations associated with different stages of bone maturation, TEM provides nanoscale information on the arrangement, size, and alignment of mineral nanoparticles. Through this combination, it becomes possible to directly link tissue-level structural patterns to underlying mineral organization. This integrated perspective highlights how hierarchical features of the bone/biomaterials interface emerge across spatial scales and demonstrates the unique explanatory power of combining optical, microstructural, and ultrastructural imaging modalities within a unified correlative framework.

In conclusion, the imaging techniques outlined here facilitate a comprehensive evaluation of the hierarchical structures of bone. By integrating these methods, we can assess the capacity of biomaterials to induce the formation of organized mineralized tissue that restores both the structure and function of original bone. As bone tissue engineering advances, a workflow like the one presented in this protocol will serve as a robust method for validating biomaterials.
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