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a b s t r a c t 

Bone mineralization involves a complex orchestration of physico-chemical responses from the organism. 

Despite extensive studies, the detailed mechanisms of mineralization remain to be elucidated. This study 

aims to characterize bone mineralization using an in-vivo long bone fracture healing model in the rat. 

The spatio-temporal distribution of relevant elements was correlated to the deposition and maturation of 

hydroxyapatite and the presence of matrix remodeling compounds (MMP-13). Multi-scale measurements 

indicated that (i) zinc is required for both the initial mineral deposition and resorption processes dur- 

ing mature mineral remodeling; (ii) Zinc and MMP-13 show similar spatio-temporal trends during early 

mineralization; (iii) Iron acts locally and in coordination with zinc during mineralization, thus indicat- 

ing novel evidence of the time-events and inter-play between the elements. These findings improve the 

understanding of bone mineralization by explaining the link between the different constituents of this 

process throughout the healing time. 

Statement of significance 

Bone mineralization involves a complex orchestration of physico-chemical responses from the organism, 

the detailed mechanisms of which remain to be elucidated. This study presents a highly novel multi-scale 

multi-modal investigation of bone mineralization using bone fracture healing as a model system. We 

present original characterization of tissue mineralization, where we relate the spatio-temporal distribu- 

tion of important trace elements to a key matrix remodeling compound (MMP-13), the initial deposition 

and maturation of hydroxyapatite and further remodeling processes. This is the first time that mineral- 

ization has been probed down to the nanometric level, and where key mineralization components have 

been investigated to achieve a comprehensive and mechanistic understanding of the underlying mineral- 

ization processes during bone healing. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Bone mineralization generally occurs through primary (in- 

ramembranous ossification) or secondary (endochondral ossifica- 

ion) bone formation. In the latter, an initial cartilaginous ma- 

rix serves as a template for mineralization [ 1 , 2 ]. Despite exten- 

ive studies to understand bone mineralization at the cellular and 

olecular levels, the biophysical and biochemical mechanisms by 

hich the cartilaginous callus is mineralized remain unclear. In 

articular, the transition from when the first amorphous calcium 
. This is an open access article under the CC BY license 
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hosphate (CaP) crystals are laid out and their consequent matu- 

ation into crystalline hydroxyapatite (HA) and the role of differ- 

nt trace elements involved in the mineralization process is not 

ell defined in an in-vivo setting. Many theories have been pro- 

osed to describe these mechanisms, but most experiments have 

een based on in-vitro studies conducted under well-controlled ex- 

erimental conditions [3–7] , often without considering the multi- 

ude of biological processes that occur during bone mineralization. 

owever, studies on mineral deposition and the underlying mecha- 

isms from an elemental composition perspective in in-vivo animal 

odels are sparse [6–9] . 

Long bone fracture healing can be used as a model of min- 

ralization as it involves/re-capitulates both ossification pathways. 

racture healing is a regenerative process involving a complex se- 

ies of cellular and molecular responses that resemble the events 

ccurring during embryonic bone development [10] . The regen- 

ration is complete so that, in most cases, the damaged bone 

ully recovers its previous biological, structural, and biomechan- 

cal properties without the formation of scar tissue [ 11 , 12 ]. The

ntricate cascade of events occurring during regeneration in long 

ones begins with an acute inflammatory response followed by 

he recruitment of mesenchymal stem cells, which start differen- 

iating into phenotype specific cells able to form a range of skele- 

al tissues and vasculature. Firstly, osteoblasts lay down a non- 

ineralized osteoid matrix which eventually mineralizes. Fractures 

hat are not mechanically stable or where the distance between 

he broken bone ends is large, primarily heal via the endochon- 

ral ossification route. In that case, an initial cartilaginous matrix 

s formed, which later undergoes neo-vascularization, degradation, 

nd mineralization. This secondary mineralization leads to the for- 

ation of the “final” hard callus that bridges the fracture. Remod- 

ling of the hard callus is a continual physiological process un- 

il the bone is restored with its previous biomechanical properties 

11–13] . 

Fracture healing via the endochondral ossification route relies 

redominantly on the remodeling of the cartilage matrix during 

he cartilage to bone transition. This transition is an intricate bio- 

hemically regulated process in which matrix metalloproteinase- 

3 (MMP-13), a member of the Zn-dependent endopeptidase fam- 

ly, has been shown to play a pivotal role [14] . MMP-13 deficient 

mbryos have been shown to possess large hypertrophic zones 

n the growth plate and delayed formation of the primary ossifi- 

ation centers, both of which are indicative of reduced cartilage 

esorption [15] . Interestingly, similar to embryonic skeletal devel- 

pment, MMP-13 null mice also have a significant impairment in 

racture healing where the healing is delayed due to retarded car- 

ilage clearance from the fracture site [14] . 

Mineralization is regulated not only by the levels of Ca, but 

lso other trace elements such as Zn, Fe, Pb, Cu or Sr, among oth- 

rs [16–18] . While being present in very small quantities, main- 

aining the appropriate concentration and spatial distribution of 

race elements is key for healthy bone tissue. This becomes es- 

ecially important in metabolically active processes such as frac- 

ure healing. However, the roles of these elements and how they 

orrelate with other structural properties still needs to be eluci- 

ated. 

To approach a more comprehensive understanding of mineral- 

zation and fracture healing, especially given the hierarchical na- 

ure of bone and the variety of biological and molecular pro- 

esses involved, multi-modal and multi-scale analysis approaches 

re paramount. At the macro-/mesoscopic scales, micro-computed 

omography (microCT) is state of the art to assess the evolution 

f tissue mineralization [ 9 , 19 ]. To probe events occurring at the

sub)cellular level, high resolution structural and elemental char- 

cterization techniques are required. For this purpose, synchrotron 

ight sources have been proven to provide valuable methods for 
136 
iomedical research at different length scales, down to the mi- 

rometer and nanometer level [ 20 , 21 ]. Scattering techniques such 

s small- and wide-angle x-ray scattering (SAXS, WAXS) have been 

reviously exploited to investigate HA crystal orientation, thick- 

ess (T-parameter), length (L-parameter) and width (W-parameter) 

n diverse animal models of mineralization [22–30] . Moreover, in 

erms of elemental analysis, x-ray fluorescence (XRF) has been 

idely used to explore the presence and role of trace elements in 

he bone formation process [ 16 , 17 , 31 ]. Finally, gold-standard bio- 

ogical tissue characterization techniques such as histology and im- 

unohistochemistry allow to study the spatial distribution of rel- 

vant tissues and key matrix remodeling compounds directly par- 

icipating in mineralization, such as MMP-13 [32] . 

In this study, we aim to investigate bone mineralization in an 

n-vivo long bone fracture healing model [9] . This is achieved in a 

ulti-modal and multi-scale approach by progressively following 

he mineralization front (at the bone-cartilage interface) in bone 

amples obtained at different time-points representative of the dif- 

erent healing stages [12] . In doing so, we correlate the distribution 

nd presence of different elements with initial mineral deposition, 

he development to mature HA nanocrystals and their spatial rela- 

ion to matrix remodeling compounds such as MMP-13. Therefore, 

e aim to correlate the spatial distribution of matrix remodeling 

ompounds with the physico-chemical composition of the extra- 

ellular matrix with a novel approach from the micro- and down 

o the nano-scale. 

. Materials and methods 

The overall approach is illustrated in Fig. 1 , while a descrip- 

ion of the number of samples studied with each technique can 

e found in Table 1 . 

.1. Animal model 

A total of 19 Sprague-Dawley rats (male, average weight: 

23 ±53 g) were used in this study. Rats were caged in pairs with 

 temperature of 21 °C, a 12 h light/dark cycle and provided with 

ood and water ad libitum . During surgery, the animals were anes- 

hetized using isoflurane (induction: 3%, maintenance: 2%) with a 

ixture of oxygen at a flow rate of 0.4 L/min. A well established 

n-vivo open fracture model was used to create an osteotomy in 

he mid diaphysis of the femur [ 9 , 33 ]. The fracture was created

sing a giggly wire to minimize heat induced injury to the bone 

nds and stabilized with a Kirshner-wire (k-wire) with a diame- 

er of 1.1 mm. This provides partial compressional stability but not 

otational stability to the bone, thus causing the formation of a 

arge callus and mainly inducing bone formation via the endochon- 

ral pathway. Post-surgical pain management was performed using 

orphine (25 μg/kg), administered subcutaneously, twice daily for 

 total duration of 72 h. Rats were euthanized using CO 2 asphyxi- 

tion at days 7 ( n = 4), 10 ( n = 4), 14 ( n = 4), 21 ( n = 4) and 28

 n = 3) to progressively investigate fracture healing and the min- 

ralization front with a range of imaging techniques. 

The animal experiments adhered to the institutional guidelines 

or the care and treatment of laboratory animals. The study was 

pproved by the Regional Ethics Committee for animal experi- 

ents in Malmö-Lund, Sweden (Jordbruksverket, permit number: 

8-08106/2018), and was performed in compliance with the AR- 

IVE Guidelines. 

.2. Micro-computed tomography 

Healing femurs were scanned in two batches ( n = 9, for syn- 

hrotron experiments, and n = 10, for histological procedures) at 
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Fig. 1. A schematic of the study plan summarizing the methodology and different techniques used in the characterization of different stages in endochondral fracture healing. 

Table 1 

Number of samples analyzed with each of the techniques. All femurs ( n = 19) were scanned in microCT. Batch 1 ( n = 9) was 

prepared for synchrotron experiments. Batch 2 was prepared for histological measurements. HAp refers to HA microparticles. 

All, 

n = 19 femurs 

Batch 1, 

n = 9 femurs 

Batch 2, 

n = 10 femurs 

microCT SAXS Microscale 

XRF & WAXS 

Nanoscale XRF & 

WAXS 

Histology 

SafO/Fast green & MMP-13 

# femurs # sections # sections # sections # femurs 

Day 7 n = 4 - n = 1 ∗ n = 1 ∗ n = 2 

Day 10 n = 4 n = 1 n = 1 ∗ n = 1 ∗ n = 2 

Day 14 n = 4 n = 1 n = 1 n = 1 n = 2 

Day 21 n = 4 n = 1 n = 1 ∗ n = 1 ∗ n = 2 

Day 28 n = 3 - n = 1 n = 1 n = 2 

Cortex n = 19 ∗∗ - n = 1 n = 1 n = 10 ∗∗

HAp - - - n = 1 - 

∗ Indicates same slice for both microscale and nanoscale XRF and WAXS for that specific time-point. 
∗∗ MicroCT and histology of all time points included healthy cortex (no extra samples were prepared). 
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he Lund BioImaging Center (LBIC) using a MI Labs microCT de- 

ice (MI Labs, Netherlands). MicroCT images were acquired in the 

ltra-focus mode at 65 kV voltage and 0.13 mA current using a pri- 

ary Al 100 μm filter and a secondary Al 400 μm filter. 1440 pro-

ections with 90 ms ( n = 9) and 120 ms ( n = 10) exposure time

ere acquired over 360 o . All tomograms were reconstructed using 

he manufacturers software suite to an isotropic voxel size of 10 

m, and later aligned and resliced along the longitudinal axis with 

ataViewer (V 1.4, Bruker, Germany). Additionally, bone phantoms 

ith known 0.25 and 0.75 mg/mm 

3 bone mineral density (BMD) 

ere imaged for both sets of acquisition parameters to allow BMD 

alibration and quantification. 

Regions of interest (ROI) were defined as ± 1.5 mm proximal 

nd distal to the fracture line allowing for consistent volume evalu- 

tion across all samples. Bone volume was analyzed as highly min- 

ralized tissue volume (BMD > 0.642 mg/mm 

3 ), and poorly min- 

ralized tissue volume (0.41 mg/mm 

3 < BMD < 0.642 mg/mm 

3 ) 

ased on literature [ 9 , 34 ]. This separation allowed for a more de-

ned tracking of the callus mineralization process across time. 

one volume within the defined ROI was obtained from custom 

n-house MATLAB scripts (R2020b, The Mathworks Inc., U.S.). 
137 
.3. Sample preparation 

After microCT imaging, femurs to be analyzed with synchrotron 

echniques ( n = 9, see Table 1 ) were fixed in neutral buffered for-

alin (4 % w/v) for 24 h, embedded in PMMA, split longitudinally 

n half, and later sectioned at appropriate thicknesses as described 

n the following subsections. A description of all the experimental 

arameters used in synchrotron techniques can be found in Sup- 

lementary Table 1. Samples for histology and immunohistochem- 

stry were also fixed in formalin ( n = 10, see Table 1 ) for 24 h fol-

owed by decalcification in 10% w/v EDTA for a period of 6-weeks 

ith two EDTA changes every week. Decalcified samples were em- 

edded in paraffin and cut to a thickness of 5 μm. Unless otherwise 

tated, all sectioning was performed using semi-automatic micro- 

ome (HM355S, Thermo Fisher Scientific, MA, USA). 

.4. Small-angle X-ray scattering 

For SAXS measurements, PMMA-embedded healing femurs 

 n = 3, see Table 1 ) were sawed at a thickness between 130-240

m using a precision cut-off machine (Accutom-100, Struers SAS, 
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rance) with a silicon-carbide cut-off wheel (10S15, Struers SAS, 

rance). Sections were then placed on aluminum sample holders. 

he experiments took place at the cSAXS beamline (Swiss Light 

ource, Switzerland) [35] , where a section for each days-10, -14 

nd -21, were measured with an x-ray energy of 12.4 keV, a spot 

ize of 50 ×40 μm 

2 , a step size of 50 ×50 μm 

2 and an exposure time

f 30 ms. The SAXS detector (Pilatus 2M, Dectris, Switzerland) was 

laced within a 7 m flight tube at 7095.6 mm from the sections. 

he sample detector distance and beam center were determined 

sing a silver behenate powder standard. 

The SAXS analysis was carried out with custom in-house MAT- 

AB scripts [ 27 , 29 , 30 ], according to the model developed by Bünger

t al [24] . Recorded SAXS patterns were integrated azimuthally to 

ighlight the anisotropic scattering coming from the preferential 

rientation of HA crystals. The two peaks 180 ° apart were fitted 

ith gaussian curves above a background contribution. The crys- 

al orientation was then compared to the crystallographic c-axis 

here a ratio between the anisotropic scattering and total scatter- 

ng provides a scale of 0 - 1 of the degree of orientation (where 1

s highly aligned). HA crystal thickness (T-parameter) was quanti- 

ed from the radially integrated patterns. Within the q-range 0.32 

1.40 nm 

−1 , the scattering is assumed to be dominated by HA 

rystals under the assumption that these are platelets of finite 

hickness [24] . The T-parameter was calculated through iterative 

on-linear least squares fitting of this q-range for each scattered 

attern, yielding dimensions between 0 - 3 nm [27] . 

.5. Microscale X-ray fluorescence and wide-angle X-ray scattering 

PMMA-embedded healing femurs ( n = 5) were sectioned at 

2-3 μm thickness and placed on Si 3 N 4 windows (1 ×1 mm 

2 mem- 

rane size, 1 μm membrane thickness, ref 11911118, Silson Ltd, UK). 

 sample was prepared for every time point, including a reference 

ample of the healthy cortex. 

Simultaneous synchrotron-based scanning XRF and WAXS mea- 

urements were performed at the microXAS beamline (Swiss Light 

ource, Switzerland) [36] . Using an x-ray energy of 16.2 keV, 4 XRF 

ingle-element silicon drift detectors (Ketek GmbH, Germany) cou- 

led to FalconX pulse processors (XIA LLC, USA) were placed 20 

m from the sample position at respective angles of 53 o (front- 

eft), 58 o (front-right), 54 o (back-left) and 60 o (back-right) with re- 

pect to the beam path. Moreover, the WAXS detector (Eiger 4M, 

ectris, Switzerland) was placed 130 mm behind the sample posi- 

ion. 

In all sections ( n = 6: days 7, 10, 14, 21 and 28, cortical bone),

n initial overview XRF scan with a 2 μm beam focus, 10 μm step 

ize and 100 ms dwell time, was acquired to determine the region 

f interest to be targeted at higher resolution. Once selected, these 

OIs were acquired with a 1 μm beam focus and step size, and 100

s dwell time. With the same parameters, LaB 6 was scanned as 

AXS calibration standard and an empty window for background 

alibration. 

XRF data was fitted using PyMCA [37] . The same software was 

sed to generate Ca and Zn elemental maps, which were later 

titched and analyzed using in-house Python and MATLAB scripts. 

lemental maps were overlayed to compare their spatial distribu- 

ions and relationship to WAXS analysis. 

WAXS data calibration and azimuthal integration was achieved 

ith PyFAI [38] . Crystallinity was defined in relation to the width 

 of the peaks corresponding to the [002] and [310] reflections, 

hich are related to the length (L-parameter) and width (W- 

arameter) of coherent HA crystal blocks, respectively [ 29 , 39 ]. The 

tting of these peaks and calculation of the respective L- and W- 

arameters was obtained with in-house MATLAB scripts by apply- 

ng the Scherrer equation to the acquired datasets, after a 4 ×4 pix- 
138 
ls binning: 

 = 

Kλ

β cos θ
( 1 ) 

here D corresponds to the average crystal dimension correspond- 

ng to the analyzed reflection, K is the shape factor commonly 

et to 0.9 [29] , λ the x-ray wavelength, β the full-width at half- 

aximum of the peak, and θ the scattering or Bragg angle. 

To assess the relationship between the presence of Ca and/or 

n, and HA maturation, WAXS curves were averaged over differ- 

nt ROIs (25 ×25 μm 

2 ) corresponding to high-Ca low-Zn, high-Ca 

igh-Zn, and low-Ca high-Zn. These curves were then qualitatively 

ompared to understand how the spatial distribution of these ele- 

ents relates to crystalline structures. 

.6. Nanoscale X-ray fluorescence and wide-angle X-ray scattering 

PMMA-embedded healing femurs ( n = 5) were sectioned at 

2-3 μm thickness and placed on Si 3 N 4 windows (1 ×1 mm 

2 mem- 

rane size, 1 μm membrane thickness, ref 11911118, Silson Ltd, UK). 

ections for days 7, 10 and 21 were the same as in microscale mea- 

urements, while different sections were used for the remaining 

ays and healthy cortex. Moreover, a Si 3 N 4 window with HA pow- 

er (10 μm microparticles, Sigma Aldrich, Merck KGaA, Germany) 

as prepared as additional reference sample. 

Simultaneous synchrotron-based scanning nano-XRF and WAXS 

easurements were performed at the NanoMAX beamline (MAX IV 

aboratory, Sweden) [ 40 , 41 ]. With an x-ray energy of 12 keV, the

RF detector – single-element silicon drift detector (RaySpec, UK) 

oupled to an Xspress 3 pulse processor (Quantum Detectors, UK) - 

as placed 20 mm from the sample. The sections were placed per- 

endicular to the beam path, while the XRF detector was oriented 

t 30 o with respect to the section. In addition, the WAXS detector 

Pilatus 1M, Dectris, Switzerland) was placed 180 mm behind the 

ample. The ROIs were determined through an optical microscope 

ounted on-axis along the beam path. 

All sections ( n = 7: days 7, 10, 14, 21 and 28, cortical bone,

A microparticles) were scanned with a 75 nm beam focus, 100 

m step size and 100 ms dwell time. Moreover, an RF-C0 thin film 

AXO Dresden GmbH, Germany) and a Si film were acquired as XRF 

nd WAXS calibration standards, respectively. An empty Si 3 N 4 win- 

ow was scanned for background calibration. Due to the higher 

ample thickness ( ∼2-3 μm) in comparison to the spot size (75 

m), the spatial resolution is lower than the spot size. However, 

 certain slice thickness is required to achieve enough signal for 

easurement and analysis. 

Calibration, fitting, and generation of elemental maps were ob- 

ained with PyMCA. Ca, Zn and Fe concentration maps were over- 

ayed to compare their spatial distributions. WAXS data was cal- 

brated and azimuthally integrated using PyFAI. As previously ex- 

lained in Section 2.5 , crystallinity was assessed through estima- 

ion of the L- and W-parameters corresponding to the [002] and 

310] reflections (see Equation 1). Mean and standard deviation of 

hese parameters were computed for each time-point, cortex and 

A microparticles over the whole datasets. 

With the aim to correlate elemental distribution with the [002] 

nd [310] reflections, ROIs were placed and analyzed across miner- 

lized areas undergoing remodelling in days-14, -21 and -28. The 

OIs had a fix size of 1 ×4 μm 

2 , starting at the mineralization edge

nd going deeper into more mature mineralized tissue. Elemen- 

al concentrations (normalized by the maximum individual con- 

entrations within the ROI) and WAXS curves were averaged over 

he short axis (1 μm, 10 pixels) and presented with respect to the 

epth of the ROI (4 μm, 40 pixels) as line profiles and surfaces, re- 

pectively. A detailed representation of these ROIs can be found in 

ection 3.2 of the Results. 
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.7. Histology analysis with Safranin O/fast green 

Sections collected from each time point (day 7, 10, 14, 21 and 

8, n = 2 per time point) were stained with safranin O/fast green, 

hich stains cytoplasm and collagen green/blue, and proteoglycans 

ed. Tissue sections were deparaffinized using xylene and rehy- 

rated using decreasing ethanol gradient and water. Hydrated tis- 

ue sections were placed in 0.1% (w/v) fast green solution for 10 

in followed by a dip in 1% (v/v) acetic acid. Slides were then 

oved to a jar containing 0.1% (w/v) safranin O for 5 min following 

hich the slides were dehydrated using increasing ethanol gradi- 

nt and cleared in xylene. Slides were allowed to dry for 5 min 

fter which they were mounted using a xylene based mounting 

edium. 

.8. Immunohistochemistry analysis of spatial distribution of 

MP-13 

MMP-13 staining was performed on sections from each time 

oint (day 7, 10, 14, 21 and 28, n = 2 per time point). Briefly, all

he slides were placed in 37 °C for 48 h and then deparaffinized 

xylene) and rehydrated (decreasing ethanol gradient followed by 

ater). Pepsin (ab64201, Abcam, U.K) was used to achieve antigen 

etrieval for 30 min at 37 °C. Hydrogen peroxide blocking reagent 

ab64218, Abcam, U.K) was used to inactivate the endogenous per- 

xidase for 8 min. 0.2% Bovine testicular Hyaluronidase (H3506) 

as used in conjunction with collagenase to improve the extracel- 

ular matrix penetration of the antibody for 30 min. Protein Block 

as then used for 30 min to block non-specific antibody binding 

ites. The slides were incubated with anti-MMP-13 (ab219620, Ab- 

am, U.K, dilution 1:200) antibody overnight in humidified cham- 

er at 4 °C. Subsequently, secondary antibody (goat anti-rabbit IgG- 

RP conjugated, ab205718, Abcam, U.K) was applied at 1:200 di- 

ution for 60 min at room temperature. The color developing 

AB solution (ab64238) was added and incubated for 30 min 

ith constant monitoring under a microscope. Lastly, hematoxylin 

ab220365) was added to the slides for 10 s. The slides were then 

ehydrated, cleared in xylene and mounted using a xylene based 

ounting medium. For immunohistochemistry staining, only sec- 

ndary antibody staining with the above steps were done to avoid 

alse positive stains and confirm the reliability of antibody-based 

taining. 

.9. Statistical analysis 

The data is presented as average and standard deviation, both 

or intra- and inter-sample comparison. Due to the low number of 

amples per time-point, no further statistical analyses were per- 

ormed. 

. Results 

.1. Macroscale visualization and confirmation of in-vivo long bone 

racture healing model 

The progressive stages of long bone fracture healing can clearly 

e identified from microCT scans and Safranin O/Fast green histol- 

gy ( Fig. 2 ). The expected progressive mineralization starts at the 

re-existing cortex building out to a bony wedge on top of the car- 

ilaginous callus. Subsequently, the mineralization progresses out- 

ards and bridging of the callus occurs. Quantification of the 3D 

one formation (see Supplementary Table 2 and Supplementary 

ig. 1) shows an increase of total callus volume (TCV) over time 

ntil it clearly peaks at day 21, to later reduce until day 28, when

he healing process has been almost completed. This is mainly 

riven by the low mineralized bone volume (LMBV), which follows 
139 
he same pattern. Instead, high mineralized bone volume (HMBV) 

emains constant between days 7-14, and then it starts increasing 

t days 21-28 due to the mineralization of the cartilaginous tissue. 

.2. Multi-scale elemental and structural characterization 

From the low resolution SAXS analysis (see Supplementary Fig. 

), the mineral crystal thickness (T-parameter) follows mineraliza- 

ion by increasing 3-4-fold from the mineralization front into the 

ature callus, and 6-7-fold from the mineralization front into the 

ortical bone. The degree of orientation within the callus tissue re- 

ains at ∼0.55 throughout the different time-points, which repre- 

ents less well oriented bone compared to cortical bone ( ∼0.6-0.7), 

s previously reported by Mathavan et al. [42] . 

The relationship between elemental distributions and HA di- 

ensions at the mineralization front across healing time-points 

ere further studied with higher resolution ( Figs. 3-5 ). In the mi- 

roscale XRF images ( Fig. 3 ), the mineralization front begins with 

igh-Zn low-Ca areas followed by an increase of Ca, which points 

o initial mineralization. Later, more mature regions are also char- 

cterized by an increase of Zn, especially at the edges of high-Ca 

tructures as well as in the bulk. The corresponding WAXS data 

rom mineralization front regions with a high-Zn low-Ca distribu- 

ion show that, at this stage, HA may either not yet be crystalline, 

r the amount is below detection limits (flat curves). Crystal peaks 

ppear in more mature regions deeper in the bulk and increase 

ith healing time until they approach cortical reference values. 

emodeling regions with high-Ca high-Zn distribution show either 

ery high crystallinity when located in the mineral bulk (day-14), 

r lower crystallinity when located at the edges (day-21), which 

ndicates that mineral deposition or resorption is taking place. 

The HA crystal dimensions (L- and W-parameters) progress to- 

ards cortical values across healing time-points (Supplementary 

ig. 3). The most noticeable progression, especially in terms of W- 

arameter, is found towards the end of the healing process, be- 

ween days 21 and 28. Due to the resolution used, it is difficult 

o interpret spatial correlations of these values. Also noticeable 

re the large regional variabilities within each map, which indi- 

ate that different parts of the callus present either endochondral 

ineralization, remodeling of existing mineralized tissue or bulk 

atured HA. 

The nanoscale XRF measurements show that mineralization be- 

ins with high-Zn low-Ca content, while Ca increases in more ma- 

ure regions until Zn appears again at the edges of mature struc- 

ures, specially starting at day-14 ( Fig. 4 ). Consistently, also starting 

t the same healing time, high-Fe concentrations are located at the 

dges of Zn. Average mineral crystal length and width (L- and W- 

arameters) show a slight increase with healing time towards the 

ighest values found in cortical bone and HA microparticles (Sup- 

lementary Fig. 4). 

The relationship between the distributions of Ca, Zn, Fe and 

one remodeling processes was further explored at the edge of 

he mineralized tissue ( Fig. 5 ). In every time-point, WAXS peaks 

re progressively formed starting from the edges, where Zn and Fe 

re high, but Ca remains low. At day-14, Fe concentration shows a 

ery clear initial peak and sharp decrease, followed by a Zn peak 

nd a gradual increase of Ca. This order of events is consistently 

ound in all time-points, while the clear Fe and Zn peaks turn into 

plateaus’ at increasing time points as the tissue matures towards 

ortical bone. 

Similar to the micro-scale counterpart, the nano-scale WAXS 

ata shows that the HA crystal length and width (L- and W- 

arameters) increase over healing time towards the values found 

n the cortical bone references (Supplementary Fig. 4). L-parameter 

alues show a slight gradient in which the crystals at the miner- 

lization front are longer than the ones in bulk in regions, while 
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Fig. 2. Representative microCT slices for each of the investigated time-points. b) SafO/Fast green section of approximately the same location as in a). The rectangles mark 

the zoomed in regions shown in c). In b) and c), red stains for cartilaginous tissue and blue/green for other mineralized and non-mineralized tissues. Scale bars in a), b) and 

c) are 2 mm, 1 mm and 200 μm, respectively. 
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he W-parameter clearly shows lower values (thinner crystals) at 

oth the mineralization front and remodeling regions in mineral- 

zed patches. These results point towards HA maturation processes 

uring mineralization. 

.3. Distribution of MMP-13 expression in mineralizing callus 

In general, the intensity of MMP-13 expression follows a clear 

rend with increased expression early on, peaking at day 10, which 

radually decreases over time and is almost absent at day 28 

 Fig. 6 ). At the early time points (day 7 and 10), MMP-13 staining is

bserved at the interface of the bone and cartilage tissue indicating 

rogressive degradation and mineralization of the cartilage matrix. 

MP-13 expression at these two time points can only be observed 

n chondrocyte like cells. With the passage of time, as the clear 

istinction between bone and cartilage tissue becomes less promi- 

ent, MMP-13 expression is observed both in the cartilage matrix 

s well as in the trabecular islands formed within the callus tissue. 

his is more prominent at days 14 and 21. At day 28, faint expres- 

ion of MMP-13 can be observed in the mineralized callus, which 

s markedly different to what is observed at days 7 and 10. 
140 
. Discussion 

In this study, we progressively followed the mineralization front 

n an in-vivo long bone fracture healing model [9] , from the first 

eposition of Ca to the mineralization and development of mature 

A crystals. In these regions, elemental and structural characteriza- 

ion of the forming bone was investigated based on a multi-modal 

ulti-scale approach by combining low resolution microCT and 

AXS mapping, with higher resolution (microscale and nanoscale) 

ynchrotron-based scanning XRF and WAXS, and immunohisto- 

hemistry. To our knowledge, this is the first time that such a 

ange of techniques probing different length-scales and mineraliza- 

ion constituents has been applied to investigate bone formation 

uring fracture healing. Specifically, performing nanoscale mea- 

urements allowed us to achieve a comprehensive understanding 

f the underlying mineralization processes. 

Through microCT imaging of the healing femurs, it was pos- 

ible to visualize and quantify the global morphological changes 

long the healing process in the utilized in-vivo model. In ac- 

ordance with the literature [ 9 , 11–13 ], a soft cartilaginous callus 

tarted forming in the early stages (days-7, 10), which was seen 
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Fig. 3. Relationship between Ca-Zn distribution and HA crystal maturity in microscale XRF and WAXS. For every time point (a-e) and a cortical bone reference (e), a microCT 

image shows the approximate location of the section analyzed with microscale XRF and WAXS. Ca-Zn maps (red-green) of these locations are shown with ROIs corresponding 

to high-Ca low-Zn (I), high-Ca high-Zn (II) and low-Ca high-Zn (III) regions. The average WAXS curves for these ROIs (I-III) are plotted to show the crystallinity in each of 

these characteristic regions (I – red, II – blue, III – green). The scale bar in each XRF image is 100 μm. 

Fig. 4. Nano-XRF maps of Ca-Zn (red-green) and Zn-Fe (green-blue) of the mineralization front for days (a) 7, (b) 10, (c) 14, (d) 21 and (e) 28. The mineralization front is 

located on the left side of the images. (f) Ca-Zn map for cortical bone references and (g) Ca map for HA microparticles reference. Blue, yellow and green represent data from 

mineralization front (a-e), cortical bone references (f) and HA microparticles (g), respectively. The scale bar in each XRF image is 10μm. 

141 
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Fig. 5. Relationship between HA maturation and Ca, Zn, Fe normalized concentration across edges of mineralized tissue at days (a) 14, (b) 21 and (c) 28. For each time-point, 

the left column shows nano-XRF images with the analyzed ROIs (white rectangles, 1 ×4 μm 

2 ) across the edge of mineralized tissue. The middle column shows the average 

WAXS curves along the ROI’s length (mineralized tissue depth) as a surface, while the right column includes plots of Ca, Zn and Fe concentrations (normalized to individual 

maximum within the ROI) along the corresponding ROI’s length. 
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ully grown and progressively mineralized (days-14, 21) until re- 

oining the cortical bone at the fracture line (days-21, 28). Finally, 

he mineralized callus started to remodel, which over time will 

esorb the callus aiming to recover the original bone properties 

nd morphology. This final process can take months to years to 

e completed [ 11 , 43 ]. 

With the combination of synchrotron based high-resolution XRF 

nd WAXS techniques ( Figs. 3-5 ), we were able to relate the distri-

utions of Ca, Zn and Fe, to the deposition and maturation of HA. 

y combining these techniques at the micro- and nanoscale it was 

ossible to first achieve measurements over large areas of inter- 

st ( ∼60 0 ×60 0 μm 

2 ) going deep into the fracture region with mi-

rometer resolution, and then target the very mineralization front 

nd achieve nanoscale resolution and high sensitivity in smaller ar- 

as of interest at the most active regions ( ∼20 ×100 μm 

2 ). There-

ore, this multiscale approach allowed a more comprehensive and 

omplete assessment of the fracture healing site. Through these 

easurements, increased Zn and low Ca concentrations were ob- 

erved at the mineralization front surrounding hypertrophic chon- 

rocytes, where endochondral ossification takes place via new de- 

osition of CaP. In addition, high Zn was also detected in remod- 

ling sites of more mature regions. These findings suggest that Zn 

s not only related to new mineral deposition, but to the resorp- 

ion processes during callus remodeling as well. The XRF findings 
142 
ere further supported by the presented WAXS data, which in- 

icated initial mineralization at the front, while progressive crys- 

alline peaks were present in the remodeling regions. The observa- 

ion of such spatial distribution of Zn is in agreement with pre- 

ious findings in embryonic mice bone development and in the 

imbs of 10-day old rats [ 30 , 44 ]. Additionally, high-Zn concentra- 

ion has been reported in equine and human bone-cartilage inter- 

ace [44–47] or human osteosarcoma [48] , which indicates that el- 

vated levels of Zn are predominant in diverse metabolically active 

egions. Our results confirmed that Zn plays a key role in min- 

ralization overall, including intramembranous and endochondral 

ssification. The reasons for the localized increased Zn concentra- 

ions may be multiple. Zn has been reported to act as a co-factor 

or different MMPs and alkaline phosphatase, including MMP-13, 

hich is expressed by the aforementioned hypertrophic chondro- 

ytes and osteoblasts in the mineralization front [ 1 , 49–51 ]. More- 

ver, Zn has been reported to substitute Ca within HA during intra- 

ellular nucleation processes in an in-vitro study [4] . At the cel- 

ular level, human mesenchymal stem cells (hMSCs) cultured on 

n substrates exhibited significantly better osteogenic differentia- 

ion potential with respect to the controls [52] . The data shown 

n our study represented a combination of these and potentially 

ther Zn functions. Notably, Zn appeared in the form of small con- 

entrates at the mineralization front across all time-points, but es- 
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Fig. 6. MMP-13 immunohistochemical staining of the specimens from the fracture healing study at different healing stages. For each time point, top left provides a low 

magnification overview of the entire fracture callus from one side. Top right presents a magnified region (magnification: 5X) showing the interface between the mineralized 

and non-mineralized regions with prominent MMP-13 staining. Bottom shows a highly magnified region (magnification: 20X) emphasizing on the cellular composition of 

the MMP-13 positive tissue. Brown regions indicate MMP-13 positive cells and extracellular matrix. Sections were counterstained with hematoxylin. Scale bar: top left = 1 

mm, top right = 200 μm, bottom = 100 μm. Red arrow heads indicate cartilage tissue while grey arrow heads indicate bone tissue. 
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ecially at the earlier time-points (days-7, -10, see Fig. 4 ), which 

ould be indicative of nucleation sites or the presence of matrix 

esicles, which are released by osteoblasts and chondrocytes to ini- 

iate calcification [53] , or simply because the mineralization rate is 

ubstantially higher during these time points [9] . In the remodel- 

ng sites, Zn instead appeared to surround the periphery of the tra- 

ecular islands, and is suggested to play an anti-catabolic role by 

educing osteoclastogenesis via the inhibition of NF- κβ signaling 

athway [54] . 

The high resolution achieved with nano-XRF allowed to probe 

lemental distribution and HA maturation changes at 10 times 

ower scale than the micro-scale data, thus becoming much more 

ensitive to detailed variations at the mineralization front. Inter- 

stingly, this resulted in the novel observation of a characteristic 

istribution of Fe across time-points (see Figs. 4 and 5 ), which has 

ot been reported before. At early time-points (days-7, 10), Fe was 

niformly distributed throughout the mineralizing callus. Never- 

heless, at later time-points (days-14, 21), thin regions with high 

e concentration appeared surrounding the edges of high Zn areas. 

his suggests that Fe acts earlier than and in coordination with Zn 

uring mineralization. This can be clearly visualized in Fig. 5 (right 

olumn), where the profile plots of normalized Ca, Zn and Fe con- 

entrations showed a very first peak of Fe followed by a peak of 

n, while Ca progressively increased along these two. The available 

iterature tackling the relationship between Fe and mineralization 

s rather scarce. The spatio-temporal distribution pattern of Fe in 

ur study could partly indicate neo-vascularization of the cartilage 

emplate since one of the hallmarks of endochondral ossification is 

he formation of a vascularized cartilage matrix, which is followed 

y hypertrophy and eventual mineralization [12] . Alternatively, as 

eviewed by Medeiros et al. [55] , other studies focused on the ef- 

ects of dietary restriction and found that Fe deficiency in rats is 

orrelated to bone fragility, compromised bone microarchitecture 

nd turnover, reduced matrix formation and reduced in-vitro min- 

ralization of osteoblasts [56–59] . Fe is a component of prolyl hy- 

roxylases converting proline to hydroxyproline, which is required 

or collagen crosslinking [18] . Therefore, these studies speculated 

hat a poor collagen deposition and turnover is the cause of such 
143 
ndings. Applied to fracture healing, the reported distribution of Fe 

ight have indicated an initial deposition of collagen, which was 

ater mineralized through the function of Zn as MMP co-factor. To 

ur knowledge, this is the first time such a spatial distribution of 

e in relation to mineralization has been reported. Nevertheless, 

hese hypotheses compel further investigation before the role of 

e can be better established in the mineralization process during 

ong bone healing. 

Since MMP-13 contains Zn in its catalytic domain and partici- 

ates in collagen type II turnover [ 32 , 60 ], we aimed to compare the

patial distribution of MMP-13 distribution via immunohistochem- 

stry with the elemental distribution discussed above. As expected, 

MP-13 was found around hypertrophic chondrocytes at the min- 

ralization front, especially in the early healing process. During the 

ater time-points, despite a reduction in the MMP-13 expression 

hich potentially indicated reduced collagen type II remodeling, 

MP-13 was still found to be concentrated at specific sites around 

he mineralized regions. As these measurements were performed 

n different tissue slices, exact co-location was not possible. How- 

ver, MMP-13 results seemed to generally correlate well with the 

patial distribution of Zn as obtained by XRF techniques ( Fig. 7a - 

). In day-28 and cortical bone, MMP-13 signal was not prominent 

ven when high Zn concentrations were observed throughout the 

issue in XRF data. This indicates that in bone undergoing remod- 

ling, which mainly comprises of collagen type I, Zn could be re- 

ated to other processes involving homeostasis. To fully confirm the 

patial correlation between MMP-13 and Zn further studies of co- 

ocation in the same samples using consecutive sections would be 

equired. This was unfortunately not possible, as the preparation 

rotocols for the techniques used in this study are vastly different. 

The main limitations of this study were related to the use of 

ynchrotron and 2D imaging techniques. There is a high demand 

nd low availability of experimental time in synchrotrons, while 

he experimental techniques are time intensive. This leads to the 

easurement of limited amounts of samples and rather small ROI 

imensions. Keeping that in mind, our goal was to investigate 

t least 1 sample per healing time-point, while maximizing the 

canned area in each of them. In addition, some of the presented 
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Fig. 7. Spatio-temporal correlation of MMP-13 with Ca and Zn. MMP-13 immunochemistry (first row, left), micro-XRF (first row, right) and nano-XRF (second row) of the 

mineralizing callus at days a) 7, b) 14 and c) 21. Brown indicates presence of MMP-13, red corresponds to Ca and green, to Zn. Yellow arrow heads indicate regions were 

Zn and MMP-13 appear to be correlated (observe that XRF and MMP-13 data was obtained from different rats). d) Graphical representation summarizing of the findings of 

this manuscript. Darker yellow stands for bone, lighter yellow for newly mineralized tissue, red for cartilage template, and gray for the rest of soft-tissue callus. Blue arrows 

indicate were Zn and MMP-13 appear to be correlated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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echniques (SAXS, XRF, WAXS, histology) are based on the prepa- 

ation and imaging of 2D sections. While we used the microCT 

ata to guide ourselves and select representative regions for slic- 

ng, these cannot fully describe the complexity of 3D structural 

eatures and might contain artefacts related to sample preparation 

rocedures (folding, rupture), which were avoided during analysis. 

dditionally, formalin fixation has been reported to cause a loss of 

a and other trace elements prior to spectroscopic measurements 

 61 , 62 ]. However, all samples were prepared following the exact 

ame protocol to minimize potential inter sample variations. 

This study presented novel elemental and structural character- 

zation of tissue mineralization in an in-vivo rat model of bone 

racture healing using a multi-resolution multi-modal approach 

 Fig. 7d ). For the first time to our knowledge, the spatio-temporal 

istribution of Ca, Zn, Fe and MMP-13 across time has been re- 

ated to the initial mineral deposition and remodeling processes 

f mature regions. Even if the specific action mechanisms of these 

lements could not exactly be pinpointed, further understanding 

f the mechanisms involved can ultimately lead to targeted treat- 

ents enhancing new bone formation, e.g. during impaired bone 

ealing. 
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