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Abstract
Background
For effective investigation of the developing structure and chemistry of bone, comprehensive studies including compositional analysis can be achieved through the gradual observation from the micro- to nanometer scale via correlative light and electron microscopy (CLEM). This technique is particularly useful considering the complex hierarchical arrangement of bioapatite and collagen fibrils which may vary according to specific bone tissue types (i.e., lamellar bone and woven bone) and different growth stages. Scanning electron microscopy (SEM) accompanied with the attachment of the scanning transmission electron microscopy (STEM) detector, referred to as the STEM-in-SEM can be utilized to produce high contrast images from materials composed of light elements, and efficiently allows the selection of suitable accelerating voltage for energy-dispersive spectroscopy (EDS). This study aims to emphasize the efficacy of CLEM techniques through applying STEM-in-SEM and EDS analyses, and its application to comparative murine bone investigation in differing ontogenetic stages.

Findings
We have designed a new grid-holder which can be used for both light and electron microscopy, and we presented an imaging technique for TEM specimens via reflective light microscopy (RLM). For performing CLEM, ultra-thin-sections (UTS) prepared from the femoral bones of 1- to 16-week old of Sprague-Dawley (SD) rats provided light and electron micrographs that can be correlated based on the regions of interest (ROIs). STEM-in-SEM micrographs revealed information not attainable by secondary electron (SE) and back-scattered electron (BSE) micrographs. In addition, for analyzing chemical variation according to growth and development of femoral bones from 1- to 16-week-old rats, comparative chemical analysis was performed through STEM-in-SEM EDS with two reference materials.

Conclusion
Herein, from femoral bones of SD rats, we have confirmed the rapid chemical and structural variations within the first 8 weeks after birth. STEM-in-SEM micrographs revealed the bone development process of the early stage porous bone matrix subsequently being filled with collagen fibrils and bioapatite. In addition, chemical analysis for carbon and oxygen showed the ratios of inorganic to organic phases according to growth and progress in bone mineralization. As a result, we were able to postulate the growth mechanism of murine femoral bone in the neonatal stages of development. We also anticipate that our CLEM techniques can be further utilized for more thorough investigation of bone structure and chemistry in diverse scales.
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Introduction
The mineral phase of bone is mainly composed of bioapatite, a biological derivative of hydroxyapatite (Ca5(PO4)3(OH)), which is aligned along with collagen fibers. Although previous studies have reported that the CO3 group can substitute either the PO4 or OH sites within the apatite crystal structure, it is difficult to precisely measure the amount of C and O composing bioapatite due to the organic constituents of bone such as the aforementioned collagen fibers, bone-forming proteins, lipids, and other biomacromolecules (Wopenka & Pasteris 2005; LeGeros et al. 2009; Wang et al. 2010; Hughes 2015). Additionally, as the arrangement of bioapatite and collagen produces complex hierarchical structures leading to specific tissues such as woven or lamellar bone, comprehensive studies on bone including composition analysis usually require gradual observation from micro- to nanometer scales via correlative light and electron microscopy (CLEM) (Glimcher 2006; Takizawa and Robinson 2012; Burr and Allen 2013).
With the ongoing advances of detector technology for electron microscopy (EM), the scanning transmission electron microscopy (STEM) detector which is developed to collect transmitted electron signals is not only applied to transmission electron microscopy (TEM), but can also be utilized in scanning electron microscopy (SEM) (Probst et al. 2007; Guise et al. 2011; Beyer et al. 2012; Hondow et al. 2012; Holm & Keller 2016). As a SEM instrument equipped with a STEM detector (referred to as STEM-in-SEM) uses lower accelerating voltages; usually below 30 kV, it has the advantage of producing high contrast images for materials composed of light elements compared to TEM (Guise et al. 2011). In addition, since flexible changes in accelerating voltages are easily performed in STEM-in-SEM, it is suitable to find optimal analytical conditions for chemical analysis utilizing the energy-dispersive spectroscopy (EDS) system, based on the properties of the specific samples that are being investigated (Williams and Carter 2009; Wu et al. 2015; Kim et al. 2018; Goldstein et al. 2018).
This study proposes improved CLEM techniques applying STEM-in-SEM and EDS analyses on murine bone structure and chemistry investigation according to differing ontogenetic stages. In order to effectively apply STEM-in-SEM EDS analysis for bone investigation, we have designed a new CLEM holder and performed chemical analysis on the femoral bones from 1- to 16-week-old female Sprague-Dawley (SD) rats. The CLEM holder can simultaneously load up to nine TEM grids and is composed of thin upper and lower plates to reduce the fault (noise) signals generated from the holder itself. In addition, the holder is easily transferable to light microscopes and the loaded samples are effectively observable through reflective light microscopy (RLM). We have utilized ultra-thin-sections (UTS) prepared from the femoral bones of SD rats via an ultramicrotome, which allowed us to observe the transverse cross section of the sampled bones via CLEM including RLM and STEM-in-SEM. By utilizing STEM-in-SEM EDS analysis, we have carried out comparative chemical analysis on seven UTS specimens of SD rats with two reference materials, synthetic apatite ((Ca5(PO4)3(OH)) and precipitated calcium carbonate (CaCO3), all within the same analytical conditions (Kwon et al. 2019). In order to interpret the changes of inorganic (Ca, P and O) and organic (C and O) elements according to the ages of the SD rats, we have particularly focused on carbon analysis with consideration of potential carbon sources that may originate from the analytical environment.
As a result, STEM-in-SEM micrographs and EDS analysis data reveal the possibility that collagen fibrils and bioapatite subsequently fill the pores of the bone matrix around the osteocyte lacunae, and such ossification processes in early growth stages have not been clearly presented from previously reported techniques (Shah et al. 2019).

Experimental methods
Ethics statement
Animal studies were performed after obtaining approval from the Institutional Animal Care and Use Committee in the Korea Basic Science Institute (KBSI-ACE1013).

Sample preparation
1- to 16-week-old female SD rats were obtained from Daehan Biolink (DBL) Co., Ltd, South Korea. The femoral bones were prepared through dissection soon after the rats were euthanized, which underwent dehydration in 70% ethanol solution for 24 h in room temperature. A critical point dryer (Samdri-PVT-3D, Tousimis) was used to thoroughly dry the femoral bones for approximately 1 h prior to sectioning.
Dried femoral bones were fabricated as LM specimens, bone blocks, and UTS specimens as shown in Fig. 1 for CLEM investigation (Kwon 2020). A diamond wire saw (Precision diamond wire saw 3242, Well) with a wire thickness of 120 μm was used to obtain approximately 500 × 500 × 500 μm sized blocks for ultra-thin sectioning from the mid-diaphyseal region. The bone blocks were embedded in epoxy resin (Embed-812 kit, EMS) which was mixed with the following composition—EMbed-812 20 ml, DDSA 16 ml, NMA 8 ml, and DMP-30 0.88 ml. The prepared resin solution was further mixed by vortexing (Vortex Seoulin Bioscience), and underwent centrifugation (CF-10, Daihan Scientific) around 10 s at 13,500 rpm to remove visible air bubbles. The resin solution was poured into a mold (Flat embedding mold blue, Pelco), and the bone blocks were carefully placed in the mold under observation through a stereoscopic zoom microscope (SMZ 1500, Nikon) for subsequent slicing of the transverse plane. A temperature-humidity controller (TH-PE, JEIO Tech) set to 60 °C was used to harden the embedding resin for 24 h without any adjustments in the humidity level. The hardened resin blocks were sectioned via an ultramicrotome (Ultracut UCT, Leica) with a targeted thickness of 100 nm for every serial section. The prepared sections were then loaded on TEM grids (2 × 1 mm slot ultrathin-carbon film grids, EMS).[image: ]
Fig. 1Preparation of femoral bone for CLEM investigation and utilization of the CLEM holder for various instruments. In order to maintain the correlative aspects of CLEM, observation sections from the regions of interest (ROIs) of LM specimens, bone blocks, and UTS specimens were carefully prepared and were analyzed via each instrument from LM to EM. The CLEM holder is capable of loading nine UTS specimens and is applicable to a variety of SEM instruments with STEM and EDS detectors installed. The holder loaded with TEM specimens is easily transferable for LM which is analyzed using either transmitted or reflected light, which enhances the efficacy of CLEM. (EM: Electron microscopy. LM: Light microscopy. UTS: Ultra-thin sections)


Synthetic apatite (hydroxyapatite, Ca5(PO4)3(OH), 574791-15G, 99.999%, Sigma-Aldrich) and precipitated calcium carbonate nanoparticles (calcium carbonate, CaCO3, US3701, 50 nm, 98%, US Research Nanomaterials, Inc) were used as reference materials, which were available in powdered form and were added into 99.9% ethanol solutions. After dispersing the nanoparticles by a probe sonicator (EpiShear, Active Motif), each sample solution was sprayed onto an individual TEM grid (2 × 1 mm slot ultrathin-carbon film grids, EMS) using a custom-developed ultrasonic sprayer to prevent aggregation of particles as well as to adequately disperse the sample particles widely enough to facilitate drying of the solution on the TEM grid (Kim et al. 2018).

Development of the grid-holder for CLEM
Although there are a variety of manufactured TEM grid-holders for SEM instruments, we have previously developed a multi-grid-holder suitable for EDS analysis in a table-top SEM designed to minimize EDS noise signals from the holder itself (Kwon et al. 2019). In this study, a new multi-grid-holder called as the ‘CLEM holder’ has been designed to broaden its utilization for CLEM of biological samples, which is capable of loading nine TEM grids and can be used to reliably perform EDS analysis as shown in Fig. 1. In addition, the holder can be used for LM to view the samples either through transmitted or reflected light (Fig. 1).
The holder is easily transferrable to LM utilizing the LM adapter, as shown in Fig. 2A and B, for performing effective CLEM analysis which is essential for investigating biological samples. Before carrying out STEM-in-SEM imaging and EDS analyses, prior observation of the UTS specimens through LM is mandatory to select the ROIs. In the case of UTS specimens as shown in Fig. 2A, RLM effectively expressed the interference color by path differences occurring from the thin specimen, which resulted in micrographs with higher contrasts compared to other LM imaging techniques such as phase-contrast microscopy (Kwon 2020). In addition, the extremely thin thickness of UTS specimens minimized the image overlap effect that generally occurs from thicker sections typically used in biological LM, which allowed us to obtain higher resolution images (Takizawa and Robinson 2012).[image: ]
Fig. 2Application of the CLEM holder for bone study. A Schematics of the CLEM holder applied for LM observation. In the case of the UTS specimen, RLM is effective due to interference colors providing high contrast by reflective light. In addition, the light absorption plate was used together to avoid light reflecting back after passing through the specimen. B The configuration for STEM-in-SEM EDS using the CLEM holder and its components. C A RLM micrograph of a femoral transverse section from an 8-week-old rat. D A STEM-in-SEM micrograph obtained at the location shown in the marked region of (C). E An EDS spectrum acquired from the bone matrix of (D). The spectrum shows Ca, P, C, and O as the main composing elements of bone. The weak Cu, Al, and Si signals are generated from the TEM grid, holder, and STEM detector, respectively. (EDS: Energy-dispersive spectroscopy. LM: Light microscopy. RLM: Reflected light microscopy. STEM-in-SEM: Scanning transmission electron microscopy-in-scanning electron microscopy. UTS: Ultra-thin sections)


The holder is composed of an upper plate, a lower plate, plate supporters, side screws, and a support column as shown in Fig. 2B. The upper plate and lower plate were fabricated to be as thin as possible to direct sample EDS signals into the detector, which also allows observation in shorter working distances at higher magnifications for both SEM and LM. Because the thin plates themselves were insufficient to firmly hold TEM grids, the plates were fixed using the plate supporters and side screws. The newly applied assembly of the holder mitigated the limitations of the previous holder which was only capable of loading four grids due to the bulky lower support part (Kwon et al. 2019). Furthermore, with the increased holder capability up to nine TEM grids, the new holder was much more efficient to investigate multiple biological samples under consistent analytical conditions. In the case of the commercial STEM holder for the FE-SEM instrument utilized in this study, the holder is designed to rotate the sample loading part like a carousel to view and analyze different samples, and due to its unique design, it is not compatible with other SEM instruments (Guise et al. 2011). However, the new holder is assembled to have the support column facing outwards to minimize the generation of fault (noise) signals as shown in Fig. 2B.
To perform chemical investigation on bone, we loaded nine UTS specimens prepared from seven SD rats at different growth stages along with two reference materials on the holder. Before carrying out STEM-in-SEM EDS analysis, we observed the UTS specimens through LM. The RLM micrograph in Fig. 2C displays a femoral transverse section from the 8-week-old SD rat. Since the expressed interference colors represent the refractive indices, we expect that RLM can provide additional information related to bone mineral density. Figure 2D and E illustrates the CLEM process applied to this study, which involves transferring the CLEM holder for STEM-in-SEM analysis right after RLM observation, and obtaining STEM micrographs and EDS spectra from the marked ROIs (white box) in Fig. 2C.

STEM-in-SEM EDS analysis
Given the larger chamber space, STEM-in-SEM allows the loading of higher number of samples compared to TEM, enabling simultaneous analysis alongside standard samples for direct comparison. Moreover, it provides high-contrast imaging for samples with low-density or low atomic number, allowing clear visualization of such samples at high resolution. The wide field of view enables gradual observations at various magnifications, ranging from micro- to nanostructures. STEM-in-SEM, which uses a lower voltage than that of TEM, may also have lower specimen penetration levels, but it was shown to be adequate of acquiring images for 100-nm-thick specimen in bio-samples. In chemical analysis, STEM-in-SEM excels with the flexibility of voltage selection below 30 kV, which is particularly advantageous for EDS analysis. This capability facilitates more thorough analysis of light elements, making it highly versatile in a range of applications. Thus, such advantages of STEM-in-SEM EDS can be applied to bone analysis.
Because bone is composed with both organic and inorganic phases, our comparative chemical analysis method contemplates selecting the suitable accelerating voltage for organic–inorganic complexes using the Monte Carlo simulation with the software CASINO 2.51 (Mendis 2018; Hodoroaba et al. 2019; Kwon 2020). For major bone constituting elements (Ca, P, C, N, and O), they have a wide range (0.282 ~ 3.391 keV) of their ionization energy from carbon (Z = 6) to calcium (Z = 20). In addition, since the X-ray signal of each element is generated from collagen or/and apatite, it is difficult to determine values by brief calculations based on the ionization yield.
Considering the interaction volumes inside collagen and apatite in 100 nm thickness at 5 kV, 15 kV, and 30 kV by the Monte Carlo simulations, a previous study mentioned that X-ray generation inside the thin specimen may not be consistent by the degree of mineralization and/or bone development because the interaction volumes of collagen and apatite in 5 kV-simulation has the largest difference (Kwon 2020). In addition, a previous study indicated that the effect from thickness for X-ray generation of all elements (Ca, P, C, N, and O) at high accelerating voltage was reduced, but the X-ray generation of light elements became low (Kwon 2020). As simulation results may vary under different conditions, it has been reported that the X-ray generation from collagen and apatite at 5 kV was not constant depending on the thickness of specimens (Kwon 2020). The detection of carbon can be advantageous when a low voltage is used, but we have also aimed to simultaneously analyze inorganic elements (Ca and P) and organic elements (C, N and O) in each session. In addition, it is difficult to obtain consistent data because the electron interaction volume may vary depending on the degree of mineralization and thickness of the samples. We would also like to emphasize that our analytical conditions are aimed at the aforementioned simultaneous analysis of organic and inorganic elements, rather than solely focusing on light elements. To conduct chemical analysis on bio-samples, the selection of analytical conditions may vary depending on the constituent elements and analysis purposes. We have emphasized the considerations for determining these conditions, including factors such as the electron interaction volume inside samples and the accelerating voltage for ionization. Furthermore, to ensure the reliability of our analyses, obtaining data from statistically significant locations is of paramount importance.
In this study, considering the results of the Monte Carlo simulation, we strongly recommend STEM-in-SEM EDS for chemical investigation of bone because selecting the suitable accelerating voltage for analyzing the collagen–apatite complex is feasible.
After the CLEM holder loaded with UTS specimens and reference materials was observed by RLM (Eclipse 80i, Nikon; mercury light source), it was transferred into a FE-SEM (Merlin, Carl Zeiss) operating at 0.02–30 kV equipped with an EDS detector (XFlash 6160, Bruker; take-off angle: 35º). Seven UTS specimens and two reference materials were analyzed under the same analytical condition for each session. Initially, STEM-in-SEM dark-field micrographs were obtained via a STEM detector (Carl Zeiss) at 30 kV. EDS analysis was subsequently conducted on the bone matrices, and 20 spectra per specimen were collected at 15 kV. Each spectrum was collected for 100 s from the 1 × 1 μm area. Additionally, in order to identify background signals, 20 spectra from the carbon film of the TEM grids were also collected. Analysis and data processing of all spectra were done with the Bruker software Esprit 2.0.0. As the EDS analysis time increases, hydrocarbons continue to accumulate on the sample surface, leading to a continuous increase in the carbon background signal in the EDS spectrum. This can result in a relative decrease in the carbon signal of the sample, making it unreliable to estimate the actual amount of carbon in the specimen. When analyzing the amount of carbon using EDS analysis, it is crucial to identify the source of background carbon signals. In our study, we identified the sources of carbon as hydrocarbons accumulated on the surface due to electron beam irradiation and the carbon film supporting the sample section. To determine the amount of background carbon, we obtained spectra under the same conditions from the carbon film.
The counts as the integrated intensity of the peak for each element extracted from all spectra was used for comparing the change of elements in the SD rats. Figure 3 presents spectra obtained from the two reference materials at 15 kV, which were applied for comparing with the acquired spectra from the SD rats; Ca and P counts were compared with the synthetic apatite data, and C and O counts were compared with the precipitated calcium carbonate data.[image: ]
Fig. 3EDS spectra from the reference materials (synthetic apatite and precipitated calcium carbonate). EDS spectra obtained from the reference materials (synthetic apatite and precipitated calcium carbonate) at 15 kV, in order to compare the ratios of elements in bone samples. Refer to Table 1 for context on analytical conditions, and the ‘Experimental Methods’ section for details on the reference materials.

Table 1Analytical conditions for acquiring EDS spectra of reference samples (SAp and PCC) in Fig. 3


	EDS analysis conditions

	Accelerating voltage
	15 kV

	Probe current
	 < 200 nA

	Specimen thickness
	100 nm (approximately)

	Specimen tilt
	0 º

	Acquisition area size
	1 um × 1 um (Area acquisition mode)

	Acquisition time
	100 s

	Number of spectrum acquisitions
	20 times

	Take-off angle of the EDS detector
	35 º

	Detector active area
	60 mm2






Results and discussion
CLEM for SD rat femoral bones
In order to investigate the femoral bones from 1- to 16-week-old SD rats, we have measured the long axis lengths and transverse cross-sectional areas based on femoral micrographs, and the measured values were expressed in the graph shown in Fig. 4. The graph suggests that femoral bones have grown rapidly between 1- to 8-weeks of age, and undergone extensive bone remodeling, especially in transverse volume (Burr and Allen 2013, Piemontese et al. 2017). We have performed CLEM analysis for specimens prepared as shown in Fig. 1. Figure 5 displays various micrographs obtained from each specimen via specific instruments for CLEM, which is organized by rows (A ~ D) representing the age of the rats and columns (1 ~ 4) representing imaging techniques.[image: ]
Fig. 4Comparative micrographs of femoral bones from 1- to 16-week-old SD rats, and the measurements of long axis length and cross-sectional area. A Micrographs of dissected femoral bones before preparation. B Micrographs of transverse cross-sections from the femoral bones. C Representative graph of long axis length and cross-sectional area measurements from (A) and (B)

[image: ]
Fig. 5Applied CLEM Micrographs of prepared specimens and bone blocks based on techniques introduced in Fig. 1. Rows A–D specify the age of the SD rats from 1- to 8-week-old individuals and columns (1 ~ 4) are arranged according to the type of microscopy technique used for CLEM. (BSE: Back-scattered electron. LM: Light microscopy. UTS: Ultra-thin sections)


Light micrographs in Fig. 5 (column 1) confirm that femoral bone becomes denser and differentiation of bone tissue occurs according to aging. Especially, in the case of the 1-week-old rat, it was observed that mineralization of the bone matrix has hardly progressed. Although BSE micrographs obtained from the bone blocks provided distinct structural features such as canaliculi, osteocyte lacunae, and calcified cartilage distributed throughout bone matrix, it was insufficient to discern the degree of mineralization. As shown in the BSE micrographs in Fig. 5 (column 2), the bone matrix of a 1-week-old rat (Fig. 5A2) is highly porous, and the density increases around 3 weeks in age. In addition, other noticeable structural features such as osteons and osteocyte lacunae are unclear in the matrices of 1- and 3-week-old rats, but becomes distinguishable in the bone matrix of 5- and 8-week-old rats.
In this study, to improve CLEM utilization for bone investigation, the application of biological UTS specimens was particularly effective with the CLEM holder. Before performing STEM-in-SEM analysis on UTS specimens, RLM was specifically applied for selecting ROIs on specimens and also for evaluating the specimen state in order to proceed the steps more efficiently. In addition, RLM gave us high contrast images which can be used as a proxy to determine the degree of bone mineralization. The bone matrix of the 1-week-old rat shown in Fig. 5A3 was expressed in low interference color which indicates a low level of mineralization. In the case of the 3-week-old rat, the RLM micrograph in Fig. 5 (B3) clearly shows the trend of bone mineralization in specific directions within the distinct spaces surrounding osteocyte lacunae represented by white dotted lines, which was not visible in BSE micrographs in Fig. 5 (column 2). Furthermore, the STEM-in-SEM micrograph in Fig. 5B4 suggests that mineralization was progressed from the outer rim toward the inner osteocyte lacuna. Based on this result with the differences between BSE micrographs and STEM-in-SEM micrographs, we can confirm that our CLEM technique is capable of providing information that was not available in prior imaging techniques used for bone investigation (Shah et al. 2019).

Comparative EDS analysis
In order to investigate chemical variations on the bone matrices during the femoral bone development according to age, we have performed STEM-in-SEM EDS on ROIs marked as yellow boxes in Fig. 5 (column 4). By utilizing area EDS analysis to biological UTS specimens, we were able to collect EDS signals from the specific desired area of the sample, particularly with focus on the bone matrix, thus producing more reliable data compared to previous chemical analysis which was conducted on powdered bone samples (Kim et al. 2018).
Elements were compared through their counts which were extracted as integrated intensity of each element peak from all spectra. Figures 6 and 7 display the chemical analysis data from 1- to 16-week-old SD rats obtained via STEM-in-SEM EDS. First, the increase of inorganic phases implies the increase of bone mineral density, which is better expressed in the ratio between Ca and P peak counts and total counts (Ca, P, C, N, and O) according to age as shown in Fig. 6A. The proportion of Ca and P increases significantly between 1- and 3-week-old individuals, which means that postnatal bone development occurs rapidly within the first 3 weeks (Burr and Allen 2013). Although the increase of bone mineral density continues up to 12 weeks, it significantly slows down after 3 weeks, which also corroborates with previous studies reporting the notable increase of femoral bone mineral density of SD rats before 78 days, regardless of gender (Hansson et al. 1972; Fukuda and Iida 2004; Horton et al. 2008).[image: ]
Fig. 6Variations of inorganic elements among total bone constituents (Ca, P, C, N, and O) and comparative analysis of Ca and P content from 1- to 16-week-old SD rats acquired from 15 kV EDS data. A Variations of inorganic (Ca and P) elements among total bone constituents (Ca, P, C, N, and O). B Variations of oxygen originating from both organic and inorganic phases among total bone constituents (Ca, P, C, N, and O). C The counts correlation of Ca and P including reference material data expressed by the bold line. D Variations of Ca/P reconstructed from (C)

[image: ]
Fig. 7Variations of organic elements among total bone constituents (Ca, P, C, N, and O) and comparative analysis of C and O content from 1- to 16-week-old SD rats acquired from 15 kV EDS data. A Variations of organic (C and N) elements among total bone constituents (Ca, P, C, N, and O). B Variations of nitrogen only from the organic phase among total bone constituents (Ca, P, C, N, and O). C The counts correlation of C and O including reference material data expressed by the bold line. D Variations of C/O reconstructed by slopes drawn from the grid film data in (C)


Figure 6C displays the correlation graphs plotting counts of the integrated intensity for the Ca and P peaks, which are the key elements constituting the inorganic phase. The Ca-P graph also includes data from the reference materials denoted as bold lines. The Ca-P graph shows that the slopes formed by data points do not deviate from the trend line of synthetic apatite, and the Ca/P ratio is relatively constant according to the ages of the rats within a certain range. These results agree with the previous studies which reported that the main mineral phase of bone is hydroxyapatite (Ca5(PO4)3(OH)) (Wopenka and Pasteris 2005; Glimcher 2006; Wang et al. 2010). Figure 5D, the graph based on the calculated data from the slope shown in Fig. 6C provides a clearer representation of change in Ca/P according to advancing ages of the rats. In the case of the 1-week-old SD rat, the Ca/P distribution has a notably wide range, which indicates compositional inhomogeneity due to low mineralization during early stages of postnatal bone development. Moreover, we suggest that the high Ca/P ratio from the 1-week sample could have been affected by the higher cartilage proportion prior to extensive endochondral ossification (Burr and Allen 2013). In the case of the more mature rats, the Ca/P values are shown to have some variation without specific trends, but within a certain range (the mean values from ~ 1.44 to ~ 1.55). However, such Ca/P variations could occur due to differing nutrition and activity levels between individual rats (Masuyama et al. 2003; Friedman et al. 2015), and at a more fundamental level, the continuous ion substitution for bone mineral deposition by osteoblasts may result in slight variations in mineralization levels even between similarly aged rats (Fratzl et al. 2004; Hunt et al. 2008; Burr and Allen 2013).
In Fig. 6B, the trend of O proportion to the total counts was displayed to be similar with the trend of Ca and P in Fig. 6A, which suggests that most oxygen signals detected from the bone matrices originated from the inorganic phase. However, the O proportion in the 5-week-old rat has relatively high values compared to 3- and 8-week-old rats, respectively. In the case of oxygen, since its X-ray signals originates from both organic and inorganic phases, we have also considered variations of light elements (C and N) to interpret the subtle fluctuation of oxygen.
The trend of C and N counts among total counts (Ca, P, C, N, and O) representing the variation of organic phases is exactly the opposite to peak count ratio of Ca and P, and similar to the trend of C/O variations in Fig. 7D, further emphasizing the initial bone mineralization process and its continuation up to 12 weeks as previously mentioned.
In the case of C and O analysis, the characteristic X-rays of these lighter elements are more easily absorbed compared to Ca and P, which usually results in less reliable data. However, as UTS specimens have thin and even thickness, X-ray signals of C and O are less likely to be affected from the absorption effect and can be collected more stably (Williams and Carter 2009; Goldstein et al. 2018). In addition, we chose precipitated calcium carbonate as a reference material for C and O because it was composed of nanoparticles small enough to minimize the absorption effect, and by utilizing the ultrasonic sprayer, the level of powder aggregation and dispersion was effectively controlled (Kim et al. 2018). Accordingly, the trend line data from precipitated calcium carbonate can be directly used for reference and comparative purposes with the data from SD rats (Fig. 7C). In order to mitigate potential issues related to C analysis, it is imperative to measure background C signals outside the samples because C signal sources may have diverse origins, especially within the EM analytical environment. We estimated the background C signal through analyzing the carbon film from the TEM grid. As the analytical conditions for all UTS samples were consistent and the analyses were performed in each single session, spectra from the carbon film also included the accumulated carbon contamination that occurs during EM analysis. As a result, as shown in the C–O graph (Fig. 7C), we presumed that the y-axis intercept of the precipitated calcium carbonate trend line represents the background signals from various sources. However, because the y-axis intercept of precipitated calcium carbonate only showed the background carbon but not oxygen, data from the TEM grid film were used as the datum point simultaneously representing carbon and oxygen, of which we used as a reference to recalculate the C proportion to O of SD rats. In Fig. 7C, the relative proportions of C to O were expressed as dashed lines having specific slopes which were drawn from the data of the TEM grid film to the data of each individual rat. In the case of the 1-week-old rat, the high slope represents high organic proportion during the early stages of bone development. The slopes from rats become lower with the increase in age, which indicates the relative decrease in proportion of organic phases as bone mineral density is increased at more advanced stages of bone development. By comparison with the slope of precipitated calcium carbonate, we can deduce that the atomic ratios of C to O from 12- and 16-week-old rats are close to CO3. In Fig. 7D, the C/O ratio values were reconstructed by the slopes and calculated excluding the background carbon signal, in which the decrease of the C/O ratio generally indicates the decrease of organic phases and the increase of inorganic phases, since O is involved in both organic and inorganic phases. Based on the mean values of C/O, we observed a rapid decrease from the 1-week (~ 3.60) to 3-week (~ 0.91) old individuals, and much slower decreases from the 3-week to 12-week (~ 0.33) old individuals, approaching to the atomic C/O ratio of precipitated calcium carbonate (1/3), which is similar to the general bone composition ratio (Burr and Allen 2013).
In the case of carbon and oxygen, especially oxygen, it is difficult to effectively differentiate their exact placements, as these elements originate from both inorganic phases (such as bioapatite substituted by a small amount of CO3) and organic phases (such as collagen, bone-forming proteins, and lipids) in bone (Figueiredo et al. 2012; Grunenwald et al. 2014; Mamede et al. 2018). Several studies reported the presence of the CO3 group substituting the PO4 or OH sites (Glimcher 2006; Wang et al. 2010; Burr and Allen 2013), and showed absorption bands of CO3 in the inorganic phase utilizing Fourier transform infrared spectroscopy (FTIR), which also indicated that the amount of CO3 is slightly increased according to age (Leventouri et al. 2009; Figueiredo et al. 2012; Grunenwald et al. 2014; Mamede et al. 2018). Nevertheless, our data presented in Figs. 8 and 9 do not indicate a distinguishable amount of inorganic carbon because of the predominant presence of organic carbon.[image: ]
Fig. 8Ossification of the area around the osteocyte lacuna from an 8-week-old rat. A STEM-in-SEM micrograph of the ROI from the 8-week-old rat in Fig. 5B4. B Count variations of each element (Ca, P, C, N, and O) from the outer rim toward the osteocyte lacuna. (ROI: Region of interest)

[image: ]
Fig. 9Schematic diagram of the sequence of murine femoral bone development at an early stage. The bone matrix at an early stage has low mineralization levels and is highly porous. As mineralization progresses, the areas around the osteocyte lacunae are filled with collagen fibrils, and mineralization occurs from the outer rim toward the inner lacuna


From a fundamental perspective of collagen composition, the atomic ratio of C: O is approximately 4:1 in type 1 collagen based on the Glycine-Proline-Hydroxyproline triplet unit (Fukuda and Iida 2004; Burr and Allen 2013). The C:O ratio of the 1-week-old individual in Fig. 7D is about 3.6:1, which is similar to that of collagen, which suggests that the oxygen proportion heavily depends on the carbon content of the organic phase. Therefore, organic oxygen should be rapidly reduced with carbon. Afterwards, the increase of oxygen is likely associated with the proliferation of inorganic phases during bone mineralization. As shown in Fig. 6A, although the mineralization level of 3- and 5-week-old individuals is very similar, the high O proportion of the 5-week individual shown in Fig. 6B is a peculiar feature compared to other rats. To discern factors that may cause such outliers, a deeper understanding of the remodeling cycle of bone involved in resorption, reversal, and formation is necessary. In addition, complex remodeling processes in localized regions within the compacta of femoral bones should also be taken into account (Herrikson et al. 2009; Burr and Allen 2013). Although a clearer interpretation is required, light micrographs in Fig. 4 indicated that the femoral bone of the 5-week-old individual grew rapidly compared to the size of the 3-week-old individual, thus, opening the possibility of the enrichment of oxygen content related to the rapid developmental process. Additionally, as a result of Fig. 7B which gives us high nitrogen values in 5-week-old rat, it is presumed that enrich oxygen of 5-week-old rat was caused from organic action in the bone.
Based on other studies, poorly crystalline apatite crystals were suggested to be the major mineral component in vertebrates by FTIR spectrophotometry analysis (Cazalbou et al. 2004), and it has also been revealed that despite rapid mineralization since day 1, there is a notable lag of stiffening of the bone, and the stiffness level near adult bone was reached by 40 days of age (Miller et al. 2007). Therefore, we have also considered the possible presence of labile phases such as octacalcium phosphate which has a higher O proportion than that of hydroxyapatite, as one of the causation of high O proportion in the 5-week-old individual related to the rapid bone development in poor crystallization (Cazalbou et al. 2004; LeGeros et al. 2009).

Bone development in early stages
Variations of chemistry and microstructure for femoral bones from 1- to 16-week-old SD rats suggest that rapid volume growth and mineralization occur simultaneously within 8 weeks of age. In order to estimate the bone growth model at early stages, carrying out STEM-in-SEM EDS analysis provides us information on chemical variations of the ossification process around the osteocyte lacuna observed in a 3-week-old rat (Fig. 4B4). As a result, in Fig. 8, the graph presents the chemical variation of all elements (Ca, P, C, N, and O) around the osteocyte lacuna. The decrease of Ca, P, and O counts from the outer rim toward to inner osteocyte lacuna shows the mineralization progress direction. In addition, the constant C and N counts present the possibility that area around the osteocyte lacuna was filled with collagen prior to mineralization. In reported mechanisms of bone mineralization, through alkaline phosphatase, an ectoenzyme tethered to the osteoblast cell membrane cleaves inorganic pyrophosphate and generates inorganic phosphate, and inorganic ions participating in mineralization are controlled and localized to the collagen fibers (Murshed 2018). Our chemical data agrees with previous studies, which can be discerned on the increase of inorganic ions toward the outer rim which is controlled by the osteocyte in the lacuna (Fukuda and Iida 2004; Xiong and O’Brien 2012; Burr and Allen 2013, Murshed 2018).
Based on the results by our CLEM techniques, the schematic diagram in Fig. 9 suggests the development sequence for femoral bone in the early stages of growth. The neonatal femoral bone is highly porous with very low levels of mineralization. The region around the osteocyte lacuna is mainly filled with collagen fibrils. Subsequently with advances in development, bone cells such as osteoblasts contributes to the role of mineralization to the surrounding area. We postulate that this mechanism may differ from the activation of cell groups responsible for forming secondary osteons (Haversian system) in more mature bones mentioned in previous studies (Harrison and Cooper 2015, Piemontese et al. 2017). In addition, we consider that the pores were rapidly filled preferentially with collagen fibrils by endochondral bone formation, because the postnatal development of femoral bone in early stages is significant prior to remodeling in more mature bones which promotes enhanced femoral growth and strength (Piemontese et al. 2017, Barreto et al. 2020). In the earliest postnatal stage, osteocyte lacunae and osteons are not clearly distinguishable, and these structural features are not well pronounced until 3-weeks old. After 5 weeks of age, we were able to confirm the distribution of osteons as prominent features in femoral bone, and the presence of lamellar bone tissue formed on the inner portion of the femur, which indicates the occurrence of bone remodeling for enhanced growth and strength (Burr and Allen 2013, Piemontese et al. 2017).


Conclusions
In this study, we suggested improved CLEM techniques which includes imaging techniques through RLM and STEM-in-SEM with the newly developed CLEM holder and its application for investigating the chemistry and structure of femoral bone from multiple SD rats at different growth stages. The CLEM holder was specifically designed to load nine grids and reduce fault (noise) signals from the holder itself, and can be efficiently utilized in both RLM and EM without the need to exchange samples. For imaging UTS specimens from femoral bone, RLM and STEM-in-SEM imaging presents high contrast and high resolution micrographs that can be correlated to subsequent STEM-in-SEM EDS analysis. STEM-in-SEM micrographs showed more detailed bone microstructure such as the boundaries by bone remodeling and mineralization compared to BSE micrographs. Especially, in the case of the 3-week-old rat, there was an indication of porous bone matrices being filled with collagen fibrils and bioapatite. Chemical investigation of femoral bones from SD rats at different growth stages was carried out with two reference materials as controls. By obtaining background C and O signals from the grid film and using the trend line of C and O counts obtained from precipitated calcium carbonate, we were able to construct more reliable counts correlation graphs of C and O for all SD rats. The C/O values of the rats represented their characteristic bone growth processes, which displayed a rapid decrease of C/O from 1- to 3-week-old individuals and much slower decreases from 3- to 12-week individuals. Variations of bone mineral density according to growth were more clearly displayed in the ratio between Ca and P counts and total counts (Ca, P, C, and O), which also supported that postnatal bone development occurred rapidly within the first 3 weeks. For understanding neonatal bone development, we performed STEM-in-SEM EDS analysis focused on the pores in femoral bone of 1- to 3-week-old rats. The chemical variation of our results show that bioapatite is localized after the pores are filled with collagen fibrils rather than occurring simultaneously, and the mineralization progressively becomes more prominent from the outer rim toward the inner osteocyte lacuna. Based on our results, we were able to postulate and provide insight on the growth mechanism for neonatal femoral bone. Furthermore, we expect that the presented CLEM techniques in this work can be further applied for more thorough investigation on the fundamental properties of bone, and can also be applied to other biological samples/biomaterials.
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