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Bone scaffolds made of calcium phosphate polymer nanocomposites have limited osteoinductive properties. Piezoelectric materials have attracted considerable interest in bone tissue engineering due to their potential to promote osteogenesis through additional electrical stimulation. Time-lapsed micro-CT imaging is a time-effective tool for in vitro optimization of such scaffolds but is challenged by nanocomposites with a high attenuation coefficient, such as one containing high amounts of piezoelectric barium titanate. We used high-resolution end-point micro-CT scans combined with histology and Raman spectroscopy to screen polydopamine functionalized nanocomposites containing 3–27 vol% barium titanate for collagenous extracellular matrix formation and mineralization. All compositions showed well-connected extracellular matrix and birefringent matured collagen after seven weeks of static human mesenchymal stem cell cultures. Nevertheless, high-resolution micro-CT analysis combined with smart thresholding during image processing enabled us to observe modest differences in ECM mineralization between groups suggesting that a volume fraction of 9–21% barium titanate facilitated the formation of dense mineral clusters in the pores even in the absence of mechanical stimuli, further corroborated by Raman spectroscopy. The same image processing approach facilitated the analysis of time-lapsed micro-CT images of scaffold cultures in dynamic compression bioreactors where 9 vol% barium titanate was the best nanocomposite composition, resulting in a significant twofold increased maturation rate under dynamic conditions. On the other hand, barium titanate content of ≥15 vol% did not improve mineralization. At 27 vol%, the biomineralization of the collagenous extracellular matrix was even impeded in the nanocomposite scaffolds, as evidenced by histology stainings. Overall, our approach enables time-lapsed quantitative assessment of high X-ray absorbing nanocomposite scaffolds for biomineralization under dynamic compression, facilitating the optimization of such mechanically responsive scaffolds.
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INTRODUCTION
Bone is a natural hierarchically structured composite composed of highly organized collagen bundles reinforced with hydroxyapatite nanocrystals. This tissue composition is piezoelectric and generates electrical charges under mechanical deformation (Khare et al., 2020). Bone possesses a natural healing capacity that is improved under cyclic loading and can repair cracks and small fractures (Malhotra et al., 2021) (Figure 1A). However, removing a bone tumor or traumatic injury can cause defects beyond a critical size (Schemitsch, 2017), requiring surgical intervention using fixation, bone autografts, or allografts. Such procedures are associated with increased risk and additional trauma for the patient, especially in aged individuals, thus, continue to drive materials design for bone scaffolds (Koons et al., 2020). Inspired by bone’s piezoelectric properties, a growing body of literature uses such materials to improve the scaffold’s efficacy for bone regeneration (Liu et al., 2020; Zhang et al., 2021).
[image: Figure 1]FIGURE 1 | Challenges in nanocomposite development for bone scaffolds. (A) Schematic illustration of the natural nanocomposite bone and nanocomposite scaffolds for bone tissue engineering with various barium titanate and hydroxyapatite compositions. (B) Unit cells of barium titanate and hydroxyapatite. (C) Histograms of linear attenuation coefficients obtained from high-resolution micro-CT of scaffolds containing barium titanate and hydroxyapatite in a volume ratio of 1:9 (B1H9), 1:1 (B1H1), or 9:1 (B9H1). The line represents the mean and the shaded area the s.d.
Polymer nanocomposite materials are an increasingly attractive material choice for bone scaffolds because of their ability to outperform their individual constituents (Koons et al., 2020) (Figure 1A). Polymers such as poly (lactic-co-glycolic acid) (PLGA) are advantageous due to their tunable degradation time (Washington et al., 2017). The disadvantage of PLGA is its low wettability, cell adhesion (Figure 1A), and limited bioactivity, owing to the lack of functional groups for protein adsorption or cell adhesion (Gentile et al., 2014). An attractive and facile technique to functionalize hydrophobic polymers is polydopamine coating, which was inspired by the mussels’ ability to adhere to almost any surface (Lee et al., 2007). Barium titanate has attracted much attention for enhancing the polymer’s and scaffold’s osteoinductive properties owing to its biocompatibility and piezoelectricity properties (Khare et al., 2020; Liu et al., 2020). Such composite scaffolds were produced with a wide range of barium titanate content (Khare et al., 2020), but the scaffolds were seldomly tested under controlled cyclic loading. We have previously shown that nanocomposite scaffolds with a 3:7 volume ratio between barium titanate and hydroxyapatite enhanced bone formation during longitudinal in vitro experiments in dynamic compression bioreactors compared to the widely used pure hydroxyapatite nanocomposite scaffolds (Schädli et al., 2021). Yet, there remain contrasting results about the barium titanate content that promotes osteogenesis and mineralization in polymer nanocomposite or ceramic composite scaffolds.
A 42.6 vol% barium titanate in polymer nanocomposite scaffolds was considered ideal for promoting osteoblast growth (Tang et al., 2021). In aligned porous barium titanate/hydroxyapatite ceramic composites, 70 vol% barium titanate showed the best cell viability; solid ceramic composites with approximately 80 vol% had the highest early osteogenic activity under cyclic loading (Tang et al., 2017). On the other hand, 5–10 vol% barium titanate in polymer nanocomposite membranes was shown to enhance bone regeneration (Lopes et al., 2013; Zhang et al., 2016). Thus, a systematic investigation of different barium titanate concentrations in 3D porous polymer nanocomposite scaffolds cultured under cyclic loading is required to find compositions that promote biomineralization (Figure 1A). However, the high X-ray absorption of barium titanate poses a challenge to standard image processing of micro-CT scans that mostly evolved around imaging bone-like materials such as hydroxyapatite. This challenge is because the unit cell of barium titanate is smaller than hydroxyapatite. At the same time, the element barium has a higher atomic Z number than phosphorus (Figure 1B), giving barium titanate twice as high density as hydroxyapatite. Therefore, the linear attenuation distribution of such polymer nanocomposite scaffolds widens with increasing vol% content of barium titanate (Figure 1C), making it more difficult to detect biomineralization due to lower attenuation properties of hydroxyapatite. Furthermore, artifacts (partial volume effects and beam hardening) might occur at the scaffold border (Li et al., 2015), requiring refined image processing methods to distinguish newly formed minerals from the existing scaffold material. In vivo, such challenges were overcome by longitudinally monitoring the bone and implant using time-lapsed micro-CT (Li et al., 2015).
In this study, we first established a surface functionalization to render the polymer nanocomposite scaffolds hydrophilic. The surface functionalization method was based on self-oxidizing polydopamine coating. Then, we cultured human mesenchymal stem cells (hMSCs) on functionalized nanocomposite scaffolds containing various barium titanate to hydroxyapatite ratios to investigate the influence of barium titanate content on in vitro biomineralization. We studied this material’s effect on extracellular matrix formation and mineralization during 7 weeks of in vitro cell culture without mechanical stimuli and in dynamic compression bioreactors. High-resolution end-point micro-CT scans were combined with histology and Raman spectroscopy to elucidate collagenous extracellular matrix formation and mineralization. Finally, dynamic compression bioreactors and time-lapsed imaging, combined with smart thresholding, were used to reveal large differences between scaffolds containing a small to large vol% of barium titanate nanoparticles, highlighting the importance of assessing such materials under controlled cyclic loading.
RESULTS
Screening Different Nanocomposite Scaffold Compositions Under Static Cell Culture Conditions
The hydrophilicity and cell adhesion of hydrophobic barium titanate polymer nanocomposite scaffolds were improved by systematically investigating the effect of polydopamine surface functionalization on the water contact angle (Supplementary Figure S1). Afterward, the bioactivity of polymer nanocomposite scaffolds containing mixtures of barium titanate and hydroxyapatite nanoparticles with volume ratios from 1:9 to 9:1, corresponding to 3–27 vol% of barium titanate, was tested under static cell culture conditions. We refer to these nanocomposites with the following group names: B1H9, B3H7, B1H1, B7H3, B9H1, where the numbers reflect the volume ratio and the letter stands for the material, i.e., B for barium titanate and H for hydroxyapatite. Table 1 summarizes all nanocomposites that were produced and characterized for this study. After 1 week of culture, hematoxylin and eosin staining showed a well-connected extracellular matrix with a spread cell morphology in all scaffold compositions (Figures 2A–C). The cells penetrated the scaffolds and adhered to the scaffold surface. However, the scaffold’s core remained mostly cell-free (Supplementary Figure S2A). Von Kossa staining of sequential sections was brownish and showed a similar morphology to the hematoxylin and eosin staining, indicating the early stage of amorphous calcium phosphate mineralization in matrix vesicles (Boonrungsiman et al., 2012; Hasegawa, 2018). The extracellular matrix was denser after 7 weeks of cell culture (Figures 2D–F, Supplementary Figure S2B). The von Kossa staining revealed densely formed black mineral nodules. In the B1H1 nanocomposite scaffold, large (50 µm) mineral clusters were observed.
TABLE 1 | The volume ratio of barium titanate (BT) to hydroxyapatite (HA) and barium titanate filler content.
[image: Table 1][image: Figure 2]FIGURE 2 | Static cell culture of nanocomposite scaffolds. (A-C) Hematoxylin and eosin staining (H&E) and von Kossa staining of B1H9, B1H1, and B9H1 nanocomposite scaffolds after 1 week and (D-F) 7 weeks. (G-I) Micrographs of the location of Raman spectra measurements and (J) the corresponding Raman spectra; the colors of the spectra correspond to the different regions in (G–I). The circle indicates vibration bands from barium titanate, the triangle marks the characteristic vibration band of the polymer PLGA, and the diamond highlights the characteristic peak of hydroxyapatite. The orange spectrum taken in the background corresponds to the Kawamoto tape used for sectioning. N = 2 samples were sectioned for each group.
The von Kossa method also stained the nanocomposite scaffold. We, therefore, used Raman spectroscopy to identify the composition of the formed mineral unambiguously. Figures 2G–I show micrographs of the different scaffold compositions, and Figure 2J depicts the corresponding spectra from the spots highlighted in the micrographs by circles. Spectra obtained within the scaffold showed the vibration bands of barium titanate (Schädli et al., 2017) at 307, 457, and 717 cm−1, the characteristic vibration band of PLGA at 875 cm−1 and the characteristic PO43- stretching vibration of hydroxyapatite (Khalid et al., 2018) at approximately 961 cm−1. The relative peak intensity of the constituents corresponded to the scaffolds’ composition. Raman spectra obtained within mineral clusters in the pores showed the PO43- stretching vibration only, confirming the cell-mediated mineral formation of the observed structures. The cell-made mineral formation was also corroborated by significantly (p < 0.05) elevated alkaline phosphatase activity at Days 7 and 14 (Supplementary Figure S3).
Bone is composed of minerals and collagen. We, therefore, investigated next in four different compositions of varying barium titanate to hydroxyapatite volume ratios if the cells also secreted collagen (Figure 3). Unstained histology cross-sections showed the formation of large mineral clusters in the pores of B1H1 nanocomposites (Figure 3C). These mineral clusters coincided with the collagenous extracellular matrix (ECM), visualized by Picro Sirius Red, proving cell-mediated mineral formation. In B1H9 (Figure 3A), B3H7 (Figure 3B), and B9H1 (Figure 3D) scaffolds, the mineral nodules did not form big clusters. The collagenous ECM (Figures 3E–H) exhibited birefringence in all nanocomposites (Figure 3I–L). Furthermore, confocal microscopic images (Figures 4A–D) showed osteocalcin within the formed ECM (Figures 4E–H). The formed mineral in these scaffolds was also detected in registered micro-CT scans but was limited in resolution and accuracy using standard image processing methods (Schulte et al., 2011) because of the high absorption properties of barium titanate (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Collagenous extracellular matrix formation. (A) Microscopy images of unstained B1H9, (B) of B3H7, (C) of B1H1, and (D) of B9H1 nanocomposite scaffolds; (E-H) the same samples stained with Picro Sirius Red. (I-L) Representative polarized light microscopy images of birefringent collagen fibers in the nanocomposite scaffolds. Horizontal scaffold sections were taken from the top 300 µm of the scaffolds. N = 2 samples were sectioned for each group.
[image: Figure 4]FIGURE 4 | Osteogenic differentiation of stem cells. (A-D) Brightfield laser scanning confocal microscopy images of (A) B1H9, (B) B3H7, (C) B1H1, and (D) B9H1 sections. (E-H) Corresponding images of osteocalcin immunostaining. Horizontal scaffold sections were taken from the top 300 µm of the scaffolds. N = 2 samples were sectioned for each group.
Figure 5 shows the quantitative analysis of the high-resolution micro-CT scans using dilations during image processing. The pores of the scaffolds were defined as the volume of interest. For each sample, an individual threshold was calculated based on the linear attenuation distribution (Figure 1C) to determine the scaffold geometry that was then dilated to reduce partial volume effects (Li et al., 2015). In B1H1 scaffolds, many large mineral clusters were formed inside the pores, while in B1H9 scaffolds, the mineral formation was also detected around the scaffold structure (Figure 4A). We analyzed the fold change in linear attenuation caused by the mineral formation between the two time-points (Figure 4B) because the images had different attenuation baseline values, which was also observed by the increase in image brightness with the amount of embedded barium titanate in the polymer nanocomposite. Although not significant, B1H1 scaffolds showed an elevated fold change compared to the other compositions.
[image: Figure 5]FIGURE 5 | High-resolution micro-CT analysis after 7 weeks of static culture. (A) Grayscale micro-CT images of B1H9, B3H7, B1H1, and B9H1 nanocomposite scaffolds before and after the cell culture. The formed mineral is highlighted in orange. The yellow arrows point to mineral clusters in the pores. The scaffolds appear brighter with an increase in barium titanate content within the composition. (B) Fold change of the linear attenuation within the pores of these scaffolds before and after culture; B1H9 (n = 6), B3H7 (n = 4), B1H1 (n = 6), and B9H1 (n = 5) samples. The data are shown as mean ± s.d. A statistically significant difference was tested by one-way ANOVA with Holm-Bonferroni post-hoc correction. No significant difference was found.
Longitudinal in vitro Cell Culture in Dynamic Compression Bioreactors
Finally, we investigated the B1H1 and B9H1 nanocomposites during a 7-week in vitro cell culture in dynamic compression bioreactors that enable the culture of two scaffolds per bioreactor (Schädli et al., 2021) and compared the results to our previous work (Schädli et al., 2021). One scaffold was exposed to cyclic loading for 5 min three times per week, while the other was cultured under static conditions (Schädli et al., 2021). The scaffolds were loaded at 5 Hz, which is within physiological loading as, during running, the impact shock frequency generated from heel strike is typically within 3–20 Hz (Gruber et al., 2014). Furthermore, mechanical loading with 5 Hz was shown to result in vivo in increased bone net remodeling rates (Scheuren et al., 2020). Histology sections were stained with Picro Sirius Red and Alizarin Red after 1 week of culture (Supplementary Figure S5) to determine the maturation of the mineralized matrix. In both B1H1 and B9H1 scaffold compositions, the Picro Sirius Red stain revealed abundant collagenous ECM already after 1 week. However, this collagenous ECM did not yet exhibit birefringence (Supplementary Figure S5A–B). The Alizarin Red stain was faint, indicating low mineralization of the ECM (Supplementary Figure S5C–D).
After 7 weeks of culture in dynamic compression bioreactors, the Picro Sirius Red staining was more intense (Figures 6A–F). Under dynamic conditions, the ECM was more distributed (Figures 6A,C,E) within the pores than under static conditions (Figures 6B,D,F). The collagenous ECM matured during culture and exhibited birefringence in all nanocomposite scaffolds (Figures 6A–F) under polarized light microscopy, indicating thicker collagen fibrils (Bromage et al., 2003). The B3H7 and B1H1 nanocomposite scaffold cultured under dynamic conditions showed the most considerable amount of birefringent collagen (Figures 6A,C). Interestingly, in B9H1 nanocomposite scaffolds cultured under dynamic conditions (Figure 6E), there was less birefringent collagen than under static conditions (Figure 6F). Also, the Alizarin Red staining was more intense after 7 weeks of culture in dynamic compression bioreactors (Figure 6G–L). The observed morphology of the stained mineralized ECM was in agreement with the stained collagenous ECM (Figures 6A–F), suggesting collagen mineralization (Hasegawa, 2018). In B3H7 and B1H1 scaffolds, the collagenous ECM mineralized under static and dynamic conditions (Figures 6G–J). Surprisingly, in B9H1 scaffolds, mineralization occurred only under static conditions (Figure 6L), while under dynamic conditions, no distinct mineralization was found (Figure 6K).
[image: Figure 6]FIGURE 6 | Extracellular matrix mineralization after 7 weeks in dynamic compression bioreactors. (A-F) Vertical cross-sections stained with Picro Sirius Red of B3H7, B1H1, and B9H1 nanocomposite scaffolds under static (B,D,F) or dynamic (A,C,E) conditions. The magnifications show a birefringent collagenous matrix imaged with polarized light microscopy. The white asterisk indicates the scaffold. (G-L) Sequential cross-sections of the same nanocomposite scaffolds stained with Alizarin Red. N = 2 samples were processed for the stainings. (M) Scaffold mineral density maturation rate was monitored by time-lapsed micro-CT imaging of B3H7 (n = 5), B1H1 (n = 4) scaffolds, and B9H1 (n = 4) scaffolds. A statistically significant difference was tested by a two-way repeated measurements ANOVA with Holm-Bonferroni post-hoc correction, **p < 0.01, n.s. no significant change. The B3H7 rates are from Schädli et al., 2021.
Time-lapsed micro-CT imaging during the culture allows monitoring of the ongoing ECM mineralization (Hagenmüller et al., 2007; Schädli et al., 2017). The scaffolds exhibited high apparent (>800 mg HA/cm3) mineral densities (Supplementary Figure S6A–B) due to their high X-ray attenuation properties. Therefore, these regions were masked by a second upper threshold (Supplementary Figure S6C) to reduce changes in the measured mineral densities due to changes in the scaffold structure. Additionally, the scaffold was evaluated in the top region (Supplementary Figure 7A–B) due to the cell distribution. Finally, we calculated the maturation rate by linear fits to the scaffold mineral density maturation values (Supplementary Figure S7C) and compared it to our previous work (Schädli et al., 2021) (Figure 6M). Scaffolds with 9 vol% barium titanate (B3H7) had a 30 times higher maturation rate under static conditions than with 15 vol% barium titanate (B1H). In B3H7 scaffolds, the maturation rate was significantly higher under dynamic conditions and significantly higher than pure hydroxyapatite polymer nanocomposite scaffolds (Schädli et al., 2021). Dynamic conditions did not result anymore in higher scaffold mineral density maturation rates in B1H1 and B9H1 scaffolds. The measured maturation rate decreased almost by 50% when the barium titanate content was increased from 15 to 27 vol%. The result was validated by comparing the maturation rate values of the top region to the scaffold’s bottom core, which was mainly cell-free (Supplementary Figure 7D–I).
DISCUSSION
A surface functionalization for polymer nanocomposite bone scaffolds by polydopamine coating and RGD was established in this study (Supplementary Figure S1). The scaffolds incorporated 3 to 27 vol% barium titanate by varying the barium titanate to hydroxyapatite volume ratio. Barium titanate is a biocompatible piezoelectric ceramic (Khare et al., 2020). The surface charges of piezoelectric biomaterials are associated with improved cell proliferation and osteogenesis (Damaraju et al., 2017; Ehterami et al., 2018; Zhang et al., 2018, 2021; Kitsara et al., 2019; Liu et al., 2020). On the other hand, the large attenuation coefficient of barium titanate introduces challenges in mineral analysis by micro-CT. We seeded the scaffolds with hMSCs and cultured them under static cell culture conditions with end-point high-resolution micro-CT scans and subsequently in dynamic compression bioreactors. During cell culture in dynamic compression bioreactors, the scaffold mineralization was monitored by time-lapsed micro-CT imaging (Schädli et al., 2021). The focus of this study was to optimize the barium titanate vol% in polymer nanocomposite for promoting hMSC extracellular matrix mineralization under cyclic loading, emulating in vivo conditions.
Surface functionalization of 2D nanocomposite films (Supplementary Figure S1A-C) was easily established by polydopamine coating, in line with previous studies (Chien and Tsai, 2013; Firoozi and Kang, 2020). However, large 3D porous hydrophobic polymer nanocomposite scaffolds required an intermediate PVA coating during fabrication to enable a functionalization by polydopamine and RGD (Supplementary Figure S1). This surface functionalization successfully improved the wettability of the scaffolds and increased cell spreading. Under static cell culture conditions, the B1H1 nanocomposite scaffolds, containing 15 vol% barium titanate, modulated the mineral formation toward large clusters, located in the scaffold’s pore space. We identified these mineral clusters unambiguously as hydroxyapatite by Raman spectroscopy (Figure 2J) and showed that their origin was osteoblastic extracellular collagenous matrix mineralization (Figures 3 and 4). Furthermore, the mineral clusters in B1H1 nanocomposite were denser, as shown by image registration of end-point high-resolution micro-CT scans of the scaffolds combined with smart thresholding focusing on the pore volume (Figure 5). The mineral formation inside the void spaces supports the proposed mechanism for material-induced heterotropic ossification (Bohner and Miron, 2019). The most striking differences between the different scaffold compositions were found under dynamic conditions (Figure 6).
In B1H1 nanocomposite scaffolds cultured under dynamic conditions, collagen matured more homogenously within the ECM. Also, time-lapsed micro-CT imaging showed a significant increase in scaffold mineral density. Surprisingly, the B9H1 scaffolds, having 27 vol% of barium titanate, showed no mineralization of the collagenous ECM when cultured under dynamic conditions (Figure 6K). During the cell culture, time-lapsed micro-CT imaging did not detect a significant change in the B9H1 scaffolds. Time-lapsed micro-CT imaging allows obtaining several scans from the same scaffold over time. Thus, even mineralization that only contributed to a relatively small change (few %) in mineral density becomes detectable despite to the high absorbing scaffold material. The scaffold mineral density maturation rate obtained only through time-lapsed micro-CT showed that the optimal barium titanate concentration in these polymer nanocomposite scaffolds was in the range of 9–15 vol% (Figure 6M) while higher concentrations even impeded ECM mineralization under dynamic conditions (Figure 6K).
Composite biomaterials are an increasingly attractive choice for bone scaffolds because of their ability to outperform their constituents (Koons et al., 2020). The polymer PLGA is often used as a polymer matrix because of its tunable degradation time (Gentile et al., 2014). However, PLGA lacks functional surface groups for protein adsorption or cell adhesion (Gentile et al., 2014). Polydopamine-assisted functionalization of 3D porous PLGA scaffolds with an osteoinductive peptide were previously shown (Ko et al., 2013). However, these PLGA scaffolds were only 1 mm thin, while the scaffolds were 3 mm thick in this study. It was not feasible to functionalize the thick, cylindrical scaffolds using a polydopamine approach as the coating solution could not penetrate the microporous hydrophobic scaffold.
Critical-sized long bone defects typically require long, cylindrically shaped scaffolds (Pobloth et al., 2018). We showed a facile implementation for polydopamine surface functionalization via an intermediate PVA coating introduced during salt leaching. It was shown that PVA adsorbs well on hydrophobic substrates (Kozlov et al., 2003) and renders them hydrophilic. Hydrophilicity alone did not greatly improve cell spreading but enabled the surface functionalization of large, initially hydrophobic 3D microporous nanocomposite scaffolds via polydopamine and RGD. This surface functionalization resulted in well-spread hMSCs already after 1 day (Supplementary Figure S1D), similar to another study where fibroblasts were seeded on zirconia substrates (Yang et al., 2020). In addition, we showed that the barium titanate vol% content modulated cell-mediated mineral formation in the nanocomposite scaffolds (Supplementary Figure S4). Tang et al., 2017 showed that osteoblasts exhibited higher ALP activity when cultured on bioceramics with 90 wt% barium titanate and 10 wt% hydroxyapatite than on pure ceramics but only when the bioceramic was cyclically loaded. However, they did not investigate if the increased ALP activity also resulted in elevated mineralization or ECM formation.
Osteoblasts secrete the non-mineralized matrix material osteoid that is mainly composed of type I collagen and other proteins such as osteocalcin. Afterward, the osteoid mineralizes through vesicular and fibrillar phases (Florencio-Silva et al., 2015). During these phases, the enzyme ALP is required to hydrolyze organic phosphate but is insufficient to assess the scaffold’s efficacy for mineral formation. In this study, the ALP activity was significantly increased in intermediate time-points before it decreased again to low values at the end (Supplementary Figure S3), in agreement with other works that assessed ALP activity in long cell cultures (Koroleva et al., 2015). Analysis of high-resolution micro-CT indicated that the B1H1 scaffolds (15 vol% barium titanate) promoted the mineral formation of dense mineral clusters in the pores, but overall, the differences between the scaffolds remained small under the static cell culture conditions (Figure 5).
In a previous study, we showed that nanocomposite scaffolds containing a barium titanate and hydroxyapatite mixture with a 3:7 vol. ratio, having 9 vol% barium titanate, exhibited a five times higher mineral maturation rate than scaffolds containing only hydroxyapatite (Schädli et al., 2021). Furthermore, we observed significantly increased bone formation under dynamic conditions compared to static culture conditions. However, even though B1H1 nanocomposite scaffolds exhibited more matured collagenous ECM under dynamic conditions (Figures 6C,D), the mineralization was not enhanced compared to static conditions (Figures 6I,J,M). Most notably, cyclic loading of the B9H1 nanocomposite scaffolds impeded the mineralization of the collagenous ECM (Figure 6K). The comparison to our previous work (Schädli et al., 2021) showed that cyclic loading, induced by the dynamic compression bioreactors, was instrumental in determining an optimal concentration in the range of 9–15 vol% that facilitates ECM mineralization (Figure 6M). A potential mechanism could be the scaffolds’ piezoelectric properties which depend on the barium titanate filler vol% (Zhang et al., 2014). We expect that the reported effects (scaffold mineral density maturation rate, abundance of extracellular matrix) depend on the cell seeding density but that the differences between the dynamic and static samples within the same group are independent of the cell seeding density.
Composite membranes composed of P(VDF-TrFE) as matrix and 5 vol% barium titanate nanoparticles had a surface potential of -76.6 mV within the endogenous range (-60 to -100 mV) and showed improved bone formation in vivo (Zhang et al., 2016). However, in a follow-up study (Zhang et al., 2018), membranes with a surface potential of -53 mV exhibited improved osteogenic properties compared to those with -78 mV. Titanium alloys coated with polarized barium titanate nanoparticles had a surface potential of -30 mV and promoted bone formation in vivo by increasing intracellular Ca2+ concentration (Liu et al., 2020). Mineralization of collagenous ECM was enhanced on electrospun PVDF fiber scaffolds with -95 mV surface potential compared to -173 mV. An increase in barium titanate content can be associated with higher piezoelectric properties (Ehterami et al., 2018); thus, it is possible that under cyclic loading, the B1H1 and B9H1 nanocomposite scaffolds created an electrical microenvironment that interferes with the endogenous electric fields produced by membrane potentials. Previously, it was shown that depolarization of the cell’s membrane potential suppresses osteogenic differentiation of hMSCs (Sundelacruz et al., 2019). In fact, attempts have been made to stimulate bone regeneration by activating the PI3K-AKT signaling pathway through the production of physiologically relevant electric signals (Kapat et al., 2020). Future work should therefore focus on associating the piezoelectric properties of the scaffold with the biomineralization under various loading regimes for a better understanding of the role of electrical stimulus in biomineralization. Such experiments could potentially also explain the 50% decrease in mineral density maturation between B1H1 and B9H1 scaffolds when the nanoparticle content was increased from 15 to 27 vol% (Figure 6M), as previous work has shown a linear relationship between piezoelectric property and barium titanate content (Ehterami et al., 2018).
Previous studies have used piezoresponse force microscopy, Kelvin probe force microscopy, or surface ζ-potential measurements to determine the electric properties of nanocomposite scaffolds (Zhang et al., 2016, 2018; Szewczyk et al., 2019; Liu et al., 2020). However, these methods are designed to assess the surface property of the material. While the results provide insights into the interaction of cells directly adhering to the surface, they might not reflect the microenvironment of cells located in the void space of the microporous scaffolds presented in this work, even more so when the scaffold is cyclically loaded. Unfortunately, measurements of the overall piezoelectric properties, such as in a parallel plate configuration (Damaraju et al., 2017), were not feasible because the scaffold’s porosity and stiffness did not provide a good interface to establish contact with an electrode. Despite that, we could assume that an increase in barium titanate content has increased the piezoelectric properties, as previously shown (Zhang et al., 2014). In the future, we suggest that such properties should be studied in geometries having a homogeneous and controlled morphology.
A growing number of reports found a relationship between electrical stimuli and activation of voltage-gated Ca2+ ion channels (Kapat et al., 2020; Camarero-Espinosa and Moroni, 2021). These channels regulate calcium influx into the cell (Camarero-Espinosa and Moroni, 2021). Hence, analysis of intracellular Ca2+ ion concentration (Liu et al., 2020) and ion channel-related gene expression (Camarero-Espinosa and Moroni, 2021) would be instrumental in improving our understanding of ECM mineralization in these nanocomposite scaffolds.
A further limitation was the high linear attenuation of the scaffolds containing a large (27 vol%) amount of barium titanate, e.g., B9H1 nanocomposite scaffolds. In addition, the high density of barium titanate (6.02 g/cm3) led to beam hardening and increased partial volume effects. Therefore, voxels close to the scaffold have an artificially high gray value (Li et al., 2015). As the scaffold pore geometry was highly irregular, we used individual thresholds for each scaffold composition combined with a binary dilation operation to mask the scaffold (Li et al., 2015). This approach worked well with end-point high-resolution micro-CT scans to differentiate formed minerals from the scaffold. However, in the longitudinal experiment, the mineralization in B9H1 scaffolds cultured under static conditions was barely detectable due to the lower resolution of the micro-CT scans. This limitation was magnified by the highly irregular scaffold geometry (varying scaffold wall thickness and shapes) that resulted from the salt leaching production. Nevertheless, time-lapsed microstructural imaging to monitor scaffold biomineralization in dynamic compression reactors remains a sensitive tool as it aggregates multiple measurement points for a single sample compared to end-point biochemical methods. The production of nanocomposite scaffolds with regular morphology, as readily achieved through 3D printing (Schipani et al., 2020), would further facilitate the analysis by applying the presented smart thresholding approach, further reducing the limitations caused by a high percent content of barium titanate.
In conclusion, we have shown that hydrophobic microporous nanocomposite scaffolds are easily functionalized by polydopamine via an intermediate PVA coating. The hMSCs seeded on these functionalized scaffolds secreted abundant collagenous ECM. Under static conditions, the differences in ECM mineralization were modest, despite the large changes in barium titanate nanofiller content from 3 to 27 vol% that were accurately reflected by Raman spectroscopy analysis. Nevertheless, high-resolution micro-CT analysis and histology results suggested that the barium titanate filler content modulated the collagenous ECM mineralization in the absence of mechanical stimulation. Despite the strongly X-ray absorbing properties of scaffolds containing large fractions of barium titanate, this observation could be made thanks to smart thresholding to mask the scaffold geometry, focusing the mineral analysis on the pores. The same image processing approach facilitated the analysis of time-lapsed micro-CT images of scaffolds cultures in dynamic compression bioreactors. We showed by time-lapsed micro-CT analysis and end-point histology that mineralization of collagenous extracellular matrix was impeded in scaffolds containing a large amount of barium titanate when cultured under cyclic loading in dynamic compression bioreactors. To the best of our knowledge, nanocomposite scaffolds incorporating a wide variation of barium titanate nanoparticles have so far not been quantitatively assessed under controlled dynamic compression. Our approach enables time-lapsed quantitative assessment of high X-ray absorbing nanocomposite scaffolds for biomineralization under dynamic compression, facilitating the optimization of such mechanically responsive scaffolds in light of potential future applications in load-bearing bones.
MATERIALS AND METHODS
Nanocomposite Scaffold Preparation
Both nanoparticle powders, hydroxyapatite with an average particle diameter of 100 nm (677418, Sigma-Aldrich) and barium titanate (467634, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) with 60 nm, were of spherical shape (Schädli et al., 2021). Nanocomposite scaffolds containing barium titanate and hydroxyapatite mixtures with a 9:1, 7:3, 1:1, 3:7, 1:9 volume ratio or pure hydroxyapatite were prepared following a modified solvent casting particulate leaching method (Schädli et al., 2021). First, barium titanate and hydroxyapatite nanoparticles were dispersed in chloroform (C2432, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) by ultrasonication (SONICS®, Newton, CT, USA). Afterward, the polymer PLGA (Resomer® LG 855 S, Evonik, Essen Germany) was added. The total nanoparticle content in the polymer was held constant at approximately 30 vol%. The mixture was homogenized in a dual asymmetric centrifuge (Camenzind et al., 2010) (FlackTek SpeedMixer™ 150 FVZ, Hauschild Engineering, Hamm, Germany) at 3,000 rpm until all the polymer granules dissolved (6 × 5 min intervals), forming a nanocomposite slurry. Then, NaCl microparticles (250–315 μm) were added as porogen in a 12:1 wt. ratio to the polymer to obtain a porosity above 80% (Schädli et al., 2021). After that, the compound was mixed in the SpeedMixer™ in 2-min intervals to allow excess solvent evaporation until the compound became smooth and moldable. Finally, the compound was pressured molded with 0.5 MPa (tecsis, F1119/P3962, Wika Schweiz, Hitzkirch, Switzerland) into cylindrical ferritic nitrocarburized steel molds of 40 mm height, 6 mm inner diameter (X153CrMoV12, Thyssenkrupp, Esse, Switzerland), and dried overnight at ambient conditions. The next day, the raw scaffold bars were removed from the mold, dried for another night at ambient conditions, and then for 24 h in a vacuum desiccator (<0.2 mbar). The dried raw scaffold bars were cut (Isomet low speed saw, Buehler, Leinfelden-Echterdingen, Germany) into cylinders of 3 mm height, and then the salt was leached out for approximately 30 h in ultrapure water (>18 MOhm/cm) that was replaced regularly. Finally, the scaffolds were coated with poly (vinyl alcohol) (PVA, MW 6000, Polysciences Inc., Chemie Brunschwig, Basel, Switzerland) by immersion into a 1 wt% PVA solution under vacuum. All scaffolds were polarized for 4 h at 6 kV to orient the dipoles of the barium titanate.
Surface Functionalization of Nanocomposite Films and Scaffolds
The surface functionalization with polydopamine (Chien and Tsai, 2013) and arginylglycylaspartic acid (4008998, GRGDS, Bachem, Bubendorf, Switzerland) was established on films and scaffolds. The films were produced by doctor blading the nanocomposite slurry and punching them into 6 mm disks. For non-cell experiments, the films and scaffolds were immersed for 2 and 24 h in a 2 mg/ml dopamine hydrochloride (H8502, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) in 10 mM, pH 8.5 Tris buffer (T6791, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland). Afterward, they were washed three times with ultrapure water.
Characterization of Functionalized Nanocomposites
The formation of a polydopamine coating through oxidative self-polymerization of dopamine was verified by Raman spectroscopy (inVia, Renishaw, Siebnen, Swizerland) using a 785-nm laser at 500 mW (operated at 10–50% intensity). As a reference, pure polydopamine powder was produced by allowing a 2 mg/ml dopamine hydrochloride solution to self-polymerize in a vacuum oven (Salvislab, Renggli AG, Rotkreuz, Switzerland) at 50 mbar at room temperature. The morphology of polydopamine coating was observed by microscopy (Axio Imager. M2m, Carl Zeiss, Oberkochen, Germany). The water contact angle was measured using a goniometer (OCA 25, DataPhysics Instruments, Filderstadt, Germany) after 3 and 20 s on films and after 1, 3, and 20 s on scaffolds. The droplet volume was 4 μl.
The films and scaffolds that were used for cell experiments were surface functionalized after H2O2 plasma sterilization. A 2 mg/ml dopamine solution in Tris buffer and a mixture with 1 mg/ml arginylglycylaspartic acid (RGD, H-1345, Bachem, Bubendorf, Basel) was sterile filtered (0.2 µm, Whatman Puradisc, Merck & Cie, Schaffhausen, Switzerland). The films were covered by pipetting 30 µl of the sterile solution and the scaffolds with 40 µl. Then, the samples were incubated for 2 h in an incubator for 37°C and 5% CO2 and were afterward washed three times with sterile ultrapure water.
Cell Expansion
The hMSCs (Lonza, Walkersville, United States, male, 19 years old) were isolated from human bone marrow aspirate (Hofmann et al., 2007). The cells were used at passage three and cultured for 7 days under standard cell culture conditions (37°C, 5% CO2) in expansion medium, composed of Dulbecco’s Modified Eagle Medium (DMEM, 41966029 Gibco, Thermo Fisher Scientific, Reinach, Switzerland), 10% fetal bovine serum (FBS, 15240062 Gibco, Thermo Fischer Scientific, Reinach, Switzerland), 1% non-essential amino acids (NEAA, 111140035 Gibco, Thermo Fischer Scientific, Reinach, Switzerland), and 1 ng/ml basic fibroblastic growth factor (bFGF, PHG0369 Gibco, Thermo Fischer Scientific, Reinach, Switzerland), 1% antibiotic-antimycotic (Anti-Anti, 15240062 Gibco, Thermo Fisher Scientific, Reinach, Switzerland) (Hofmann et al., 2007). After trypsinization (0.25%, Gibco, Thermo Fisher Scientific, Reinach, Switzerland), the cells were resuspended in control medium (DMEM, 10% FBS, 1% Anti-Anti) at different concentrations for cell seeding.
Cell Culture on Nanocomposite Films
The nanocomposite films were fixed on standard microscopy glass slides using double-sided polyimide tape (Kapton®, Karl Schupp AG, Zollikerberg, Switzerland) and kept in 35 mm cell culture Petri dishes before H2O2 plasma sterilization and surface functionalization. The films were seeded with approximately 6,000 cells by pipetting 30 µl of the cell suspension and allowing them to adhere by 90 min incubation. Afterward, enough control medium was added to fully immerse the glass slide, and the cells were cultured for 1 day to observe cell spreading. Then, the films were washed with phosphate buffered saline (PBS, Medicago, Uppsala, Sweden), fixed using a 4% paraformaldehyde in PBS, incubated for 20 min, and washed again in PBS. The cell-seeded films were permeated by a 0.1% Triton X-100 and 0.5% PBS solution for 5 min and then washed in PBS. F-actin was stained by 90 min incubation in 2 µM phalloidin-TRITC (P1951, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) in 3% bovine serum albumin (BSA, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland). After washing twice with PBS containing 0.5% BSA, cell nuclei were stained with a 1 μg/ml DAPI (D9542, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) in PBS solution. All samples were imaged with a Zeiss LSM 780 confocal microscope at 20 × 0.5 NA (Carl Zeiss, Oberkochen, Germany).
Cell Culture on Nanocomposite Scaffolds
The scaffolds were either fixed to polysulfone substrates (2 scaffolds per substrate) and kept in 6 well plates or directly fixed in 12 well plates using polydimethylsiloxane (10:1 ratio, Sylgard® 184 Elastomer Kit, VWR, Dietikon, Switzerland) (Schädli et al., 2021) or more facile using double-sided 3 M tape (Zhang et al., 2020) before sterilization and surface functionalization. All the scaffolds were seeded with 1.6 Mio cells by pipetting 30 µl of the resuspended cell suspension on top of the scaffold. Then, the scaffolds were incubated for 90 min to allow cell adhesion to the scaffold. Afterward, the cells were cultured in osteogenic medium, which is control medium supplemented with 50 μg/mL l-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (A8960, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland), 100 nM dexamethasone (D9184, 17 Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland), and 10 mM β-glycerophosphate (410990250, Acros Organics, Thermo Fisher Scientific, Reinach Switzerland).
The scaffolds were cultured for 49 days under static conditions directly in 12 well plates using 2 ml osteogenic medium, under static conditions on polysulfone substrates in 6 well plates using 8 ml osteogenic medium, or in dynamic compression bioreactors using 5 ml osteogenic medium. The cell culture medium was replaced three times per week. One of the two scaffolds per bioreactor was loaded with cyclic compression at 5 Hz and 3% strain using an initial preload of 0.2 ± 0.01 N (Schädli et al., 2021). The preload was also used to measure the scaffold’s height (Schädli et al., 2021).
Micro-CT Imaging and Processing
High-resolution micro-CT scans were performed on scaffolds that were cultured under static conditions in well plates. The scaffolds were scanned in air before the sterilization. After culturing, the scaffolds were washed with PBS, fixed with 4% paraformaldehyde for 1.5 h at RT, lyophilized overnight (Alpha two to four LDplus, Christ), and then scanned again using a µCT 50 (Scanco Medical). High-resolution scans were obtained from two independent experimental studies with aluminum filter and calibration record and without an aluminum filter. In each experimental study the sample size per group was n = 4 to 6. The energy level was 55 kVp, the current intensity 200 µA, and the integration time 600 ms with a frame averaging of 3, resulting in a resolution of 10 µm. The images were processed using IPL software (V5.42, Scanco Medical, Bassersdorf, Switzerland). After reconstruction, unfiltered scans before culturing were registered on scans after culturing using an intensity-based least-square algorithm (Schulte et al., 2013) adapted with an isotropic scale parameter to account for scaffold shrinkage. Then, the registered images were Gaussian filtered (sigma 1.2, support 1) to reduce noise. Scaffold shrinkage occurred during sterilization with H2O2 plasma.
A global threshold was determined for each scaffold composition to account for the different X-ray absorption properties. For each scaffold, a histogram of linear attenuation coefficients was generated using a cylindrical mask with a radius of 2.5 mm and a height of 0.5 mm that lies entirely within the scaffold. Then, a three-parameter lognormal distribution was fitted to the histogram to obtain the density distribution function (Schädli et al., 2021). Note that the histogram was capped at the 90th percentile for the regression because of detector saturation. The threshold was determined as the inflection point after the peak of the distribution, which is the point where the slope of the distribution changes its sign (Carrel et al., 2017). Supplementary Tables S1–2 list all thresholds determined by this method for the two independent experiments. These image processing steps were done using an in-house developed software framework based on Python 3.6.6 (Python Software Foundation, Delaware) using the SciPy 1.2.0 library (Enthought, Austin, TX).
For image registration of the 3D high-resolution scans, the images were processed as follows using IPL software (V5.42, Scanco Medical, Bassersdorf, Switzerland). The scans from both time-points were thresholded, and structures smaller than 175 voxels were removed by component labeling. This value was used to have a similar volume of voxels removed as in the low-resolution micro-CT (34.5 µm resolution) where typically 50 voxels were removed (Vetsch et al., 2017). Then, the scans taken after the culture were superimposed on images before the culture to obtain a colored image. The colors gray or orange were voxels that were present in both time points or only after the culture, representing the scaffold, mineral formation, and resorption. It should be noted that voxels that were classified as resorption were ignored for the visual analysis as they were caused by registration inaccuracy and scaffold shrinkage, which could only be partially compensated with the isotropic scale parameter.
As the different scaffold compositions influenced the X-ray absorption properties, thus, also influence partial volume effects and beam hardening, modified processing was needed to directly compare the scaffolds with respect to the formed mineral density. The scaffold’s mask was created by thresholding the scan from the first time-point at 90% of the determined threshold. Then, the binary image was dilated by one voxel layer. The images from scans after the culture were thresholded at 100% of the determined threshold and then eroded by one voxel layer. Afterward, structures smaller than 175 voxels were removed by component labeling. Using these approaches, the analysis favored mineral formation inside the pores compared to formation sites on the scaffold, avoiding most of the voxels that appear artificially bright (Li et al., 2015).
Time-lapsed micro-CT scans were performed on scaffolds that were cultured in dynamic compression bioreactors (Schädli et al., 2021). Starting from the second week, the scaffolds were scanned weekly in culture medium with a µCT 45 (Scanco Medical, Bassersdorf, Switzerland). The scanning settings were 45 kVp, 177 μA, 600 ms integration without frame averaging, resulting in an isotropic resolution of 34.5 µm after reconstruction. The bioreactors were approximately 40 min outside the incubator for the scan. After reconstruction, the images from follow-up time-points were registered to the scan from Week 2 and Gaussian filtered (sigma 1.2, support 3). A larger support was required to reduce the higher noise from beam hardening at the set resolution. The image processing was conducted with an in-house software framework based on Python 3.6.6 (Python Software Foundation, Delaware). A cylindrical mask defined the volume of interest in the top 1.0 mm of the scaffold with a 3 mm diameter. Histograms with a bin width of 25 mg HA/cm3 of the density distributions from Week 2 and Week 7 were plotted for each scaffold using this volume of interest to determine an upper threshold because of a decrease in the number of voxels at high mineral density was observed. The upper threshold was defined where the mineral density distribution from Week 2 intersects with Week 7 (Supplementary Figure S6). The upper threshold was calculated as the average of the individual scaffolds and was 1,087 mg HA/cm3. A mask was generated by thresholding the images with the upper threshold, followed by a one voxel layer dilation. A global threshold was used at 150 HA/cm3, and unconnected objects smaller than 50 voxels were removed by component labeling to differentiate the mineral from the background. Then, the scaffold mask was applied to the thresholded image. The scaffold mineral density maturation within the volume of interest was calculated for each time-point by normalizing to the scaffold mineral density from the first time-point. The first scan from Week 2 that served as reference for the registration was not included because it was the only scan that was not subject to linear interpolation due to the transformation during image registration. Earlier scanning time-points do not provide a better reference because of an air bubble that vanishes during cell culture (Schädli et al., 2021). The scaffold mineral density maturation rate was calculated by linear fits to the scaffold mineral density maturation as a function of time (Schädli et al., 2021).
Biochemical Assays
The scaffolds (n = 6 per group) were washed twice in PBS after culturing in osteogenic medium. Afterward, the cells were lysed by adding 0.75 ml 0.2% (v/v) Triton X-100 (X100, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) solution containing 5 mM MgCl2 (208,337, Sigma-Aldrich Merck & Cie, Schaffhausen, Switzerland). The scaffolds were disintegrated with a Mini-Beadbeater (Biospec, Bartlesville, USA) using two steel beads and three rounds at 25,000 rpm for 10 s. Then, the samples were centrifuged at 3,000 x g, 5°C for 10 min (Hettich Mikro 200 R, Tuttlingen, Germany). Alkaline phosphatase activity was measured directly afterward using the supernatant. A known amount of five different p-nitrophenol (N7660, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) concentrations in the range of 0–0.5 mmol/l were used as standards. In a 96-well plate, 80 μl of the supernatant was mixed with 20 μl of 0.75 M 2-amino-2-methyl-1-propanol buffer at pH 10.5 (AB113594, abcr GmbH, Karlsruhe, Germany) and 100 μl 10 mM p-nitrophenylphosphate solution (71768, Honeywell Fluka™, VWR, Dietikon, Switzerland), and incubated until the developed color was within the standards. The conversion of p-nitrophenylphosphate to p-nitrophenol was stopped with 0.2 M NaOH. The absorbance values of the samples and standards were measured at 405 nm. The alkaline phosphatase (ALP) activity was calculated using the generated standard curve and normalized with the incubation time and DNA content of the scaffold.
The DNA content was measured using the Quant-iT™ PicoGreen® dsDNA Assay Kit. After the disintegration, the samples were incubated for 48 h at room temperature and then centrifuged at 3,000 x g, 5°C. The assay was conducted following the manufacturer’s instructions. A plater reader (Tecan Spark 10 M, Männedorf, Switzerland) was used to measure the fluorescence of the sample supernatant and five standards at an excitation wavelength of 480 nm and a detection wavelength of 520 nm. The DNA amount per scaffold was calculated using the standard curve.
Histology, Immunohistochemistry, and Raman Microscopy Measurements
The scaffolds were fixed in 4% paraformaldehyde for 1.5 h. Vertical or horizontal cryosections of the scaffolds (n = 2) were cut using the Kawamoto method (Kawamoto, 2003) (type 2C, Section-Lab Co. Ltd., Hiroshima, Japan) at a thickness of 10, 16, and 20 μm for histology, Raman microscopy, and immunohistochemistry. The cryosections were glued on microscope slides with a 1 wt% chitosan adhesive. Mineralized extracellular matrix was visualized with von Kossa or Alizarin red staining. The extracellular matrix was stained with hematoxylin and eosin. Collagen was visualized with Sirius Red staining. Brightfield images of the histology sections were taken with a Slide Scanner Panoramic 250 (3D Histech, Budapest, Hungary) at x20. Polarized light micrographs of the sections stained for collagen were taken in transmission mode using a Zeiss AxioImage.Z2 x40 0.9NA. The local Raman spectra were obtained with a 785 nm laser at 500 mW (operated at 10–50% intensity) using an exposure time of 1 min (inVia, Renishaw, Siebnen, Switzerland).
Osteocalcin was imaged by immunofluorescence microscopy. The cryosections were washed three times for 5 min with PBS. Then, the sections were permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed three times with PBS for 5 min and blocked with 3% BSA solution for 1 h, and washed again. Afterward, the cryosections were incubated overnight at 4°C in the dark in anti-osteocalcin (ab93876, abcam) at 1:200 dilution in 1% BSA solution. After the incubation, the samples were rewashed three times for 5 min and incubated for 1 h in the secondary antibody, Alexa Fluor-647 IgG H&L (1:1,000; ab150075, abcam, Cambridge, United Kingdom). The staining was validated with a secondary antibody control without adding the primary antibody and a negative control without any antibody. The stained sections were mounted with fluoroshield (F6182, Sigma-Aldrich, Merck & Cie, Schaffhausen, Switzerland) and imaged using a Leica TCS SP8 setup at x63 1.4 NA (Leica Microsystems, Heerbrugg, Switzerland).
Statistics
The exact sample size is indicated in the figure caption. The data was statistically analyzed using OriginPro 9.6. All the data are shown as the mean ± s.d. Two-way ANOVA with subsequent Holm-Bonferroni post hoc testing was performed to compare more than two groups and levels. One-way ANOVA with Holm-Bonferroni post hoc testing was conducted for more than two groups. Unpaired and paired Student’s t-tests were used to compare two groups. Statistical significance was set at p < 0.05.
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