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Electron microscopy reveals structural and chemical changes at the nanometre scale in 
the osteogenesis imperfecta murine pathology 
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Abstract 

Alternations of collagen and mineral at the molecular level may have a significant impact on 

the strength and toughness of bone. In this study, scanning transmission electron microscopy 

(STEM) and electron energy-loss spectroscopy (EELS) were employed to study structural 

and compositional changes in bone pathology at nanometer spatial resolution. Tail tendon 

and femoral bone of osteogenesis imperfecta murine (oim – brittle bone disease) and wild 

type (WT) mice were compared to reveal defects in the architecture and chemistry of the 

collagen and collagen-mineral composite in the oim tissue at the molecular level. There were 

marked differences in the sub-structure and organization of the collagen fibrils in oim tail 



tendon; some regions have clear fibril banding and organization, while in other regions fibrils 

are disorganized. Malformed collagen fibrils were loosely packed, often bent and devoid of 

banding pattern. In bone, differences were detected in the chemical composition of mineral in 

oim and WT. While mineral present in WT and oim bone exhibited the major characteristics 

of apatite, examination in EELS of the fine structure of the carbon K ionisation edge revealed 

a significant variation in the presence of carbonate in different regions of bone. Variations 

have been also observed in the fine structure and peak intensities of the nitrogen K-edge. 

These alterations are suggestive of differences in the maturation of collagen nucleation sites 

or crosslinks. Future studies will aim to establish the scale and impact of the modifications 

observed in oim tissues. The compositional and structural alterations at the molecular level 

cause deficiencies at larger length scales. Understanding the effect of molecular alterations to 

pathologic bone is critical to the design of effective therapeutics.  
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1. Introduction 

Osteogenesis imperfecta (OI or brittle bone disease) is a genetic, inherited disorder, which 

affects nearly 1 in 10,000 people worldwide.1 Brittle bone disease is caused by a mutation in 

the genes coding for type I collagen. Changes in OI collagen are associated with alteration of 

genes responsible for Į1 and Į2 chain expression, usually caused by a point substitution of 

one amino acid. There are over 1500 mutations causing changes in the structure or quantity of 

collagen.2 Disruption in type I collagen affects collagen-based tissue and results in skeletal 

fragility and spontaneous fractures. Pathological changes are not limited to bone. Other 

common consequences of OI are impaired tendons, blue sclera, dentogenesis and loose 

joints.1 Severe mutations may even result in antenatal death.  

Moderate to severe phenotypes of human OI are mimicked in the mouse model of OI, 

osteogenesis imperfecta murine (oim)3 In oim, the natural triple-helix of two Į1 and one Į2 

chains is replaced by a homotrimer of three Į1 chains.3 This alteration results in an increase in 

intermolecular separation.4,5 Due to poor packing, oim collagen fibrils bend and twist easily 

causing disruption in the tissue organization.6 This hypothesis has been supported by X-ray 

diffraction7 and by a molecular modelling of the oim mouse defects8, showing loss of lateral 

packing of collagen. However, oim collagen fibrils seem to retain their banded structure.7,9  

Not only is collagen fibril organization changed in OI, but the interaction interface between 

the mineral and collagen is also affected.6 Overexpression of -OH groups and sugar side 

groups of amino acids in oim tissue was suggested by chromatography studies.2,10,11 These 

phenomena may be related to changes in collagen crosslinking, which potentially has an 

impact on the mineralization process. A decrease in the number of enzymatic crosslinks12 and 

an increase in the number of non-enzymatic crosslinks were observed in oim model.13 

Additional changes have also been observed in the expression of non-collagenous proteins 

(NCP) in affected tissues.11,14  

Previous studies have demonstrated a strong relationship between the overall strength of the 

material and the orientation and morphology of the mineral crystals. In OI tissues, the long 

axes of crystals exhibit a deviation from their alignment parallel to collagen fibrils15,16 and a 

great variation in the shape and size of the apatite crystals is observed.6 The mineral crystals 

are smaller, more randomly aligned and distributed in OI bone, compared to healthy bone.6,15–

19 There also have been reports about the formation of large bulky crystals and the 



aggregation of small crystals seen in oim.6,19,20 These reports are not contradictory. The 

presence and organization of small crystals was assessed mainly by small-angle X-ray 

scattering (SAXS), which is not optimal for detection of structures larger than 50 nm.19 

Hence, there could be two groups of crystals: small crystals seen in intra-fibrillar regions, and 

large crystals encountered in extra-fibrillar regions.19 Computational models suggested that 

the morphology of the apatite crystals have a greater impact on the mechanical behaviour of 

bone than the destabilized collagen fibrils.21  

The mineral in OI tissues tends to have a lower degree of carbonate content (measured by 

bulk FTIR and Raman spectroscopy)13,16 and reduced crystallinity (measured by bulk 

XRD).22 It was proposed that in the bones of oim mice, high remodelling rates result in less 

mature crystals and therefore less carbonate substitution.23 In contrast, a different model of 

the OI disease (BrtlIV) exhibits an increase in the carbonate content measured by Raman 

spectroscopy.24 Generally, the relationship between the remodelling rates and the crystallinity 

and chemistry of mineral is not fully understood and often controversial.25 

The majority of studies on OI bone have been conducted at the whole bone and tissue levels 

and very little research has been conducted at the fibril levels to relate directly how changes 

in the molecular composition and structure of collagen fibrils alter mineralization. This 

deficiency in our knowledge has arisen due to the challenge of applying appropriate 

techniques to provide spatially resolved information about the mineral and collagen at this 

length scale. In particular, very few techniques are available to directly probe spatially-

resolved chemical information at the nanometre scale. Analytical electron microscopy is 

currently the only method available that can provide maps of the distribution of mineral and 

collagen chemistry with this resolution.26 However, accurate nano-scale analysis of bone is 

extremely challenging due to the  its susceptibility to radiation. Low electron doses are often 

insufficient to obtain spectral information with optimal spatial and energy resolution and 

signal-to-noise ratio. . In addition, it is vital to preserve the chemistry and structure of the 

tissue during sample preparation to analyse the sample in its near-native state. In this paper, 

we combine a sample-preparation method that simultaneously preserves mineral, ions, and 

the collagen fibrils with nano-analytical electron microscopy at electron doses carefully 

controlled to avoid radiation-induced artefacts. We used transmission electron microscopy to 

examine the nano-structure of mineralized fibrils in bone and non-mineralized fibrils from 



tail tendon and electron energy-loss spectroscopy (EELS) to identify compositional 

differences between oim and WT tissues. 

2. Materials and methods 

Mice were obtained with local and Home Office approval, euthanized with carbon dioxide 

and dissected. Bone samples were obtained from 3 femurs of 8 week old oim (oim/oim -/-) 

and wild type (oim/oim +/+) mice. Non-mineralized tail tendon collagen was harvested from 

mouse tails. Tails were dissected and tendons were cut and gently pulled out with a surgical 

needle and tweezers. Small pieces of mid-shaft cortical bone and tail tendon were cut with a 

scalpel blade and fitted into 200µm-deep flat specimen carriers for cryo-fixation. Both tissues 

were prepared using high pressure freezing/freeze-substitution (HPF/FS) methods as 

described elsewhere. 27  

Rapid cryofixation under high pressure of 200µm-thick samples was performed in a Leica 

EMPACT2 (Leica Microsystems, Vienna) apparatus with 1-hexadecene used as a cryo-

preservative. The freeze-substitution with acetone cocktail was performed in a Leica EM 

AFS2 apparatus at -90°C. For bones, an acetone cocktail of 3% glutaraldehyde was used. For 

tendons, the acetone cocktail was enhanced with 0.5% osmium tetroxide. After 8h, the 

temperature started to rise gradually, until it reached 0°C in 18h. Two 15min acetone washes 

were performed on the samples, before they reached room temperature. 

Osmium tetroxide is a strong oxidising agent, which reacts with specific functional groups in 

the collagen chain, e.g. unsaturated carbon-carbon bonds, carbonyl and amide groups. Since 

the coordination environment of these functional groups would be altered, stained samples 

were not used for chemical analysis.  

Samples were immersed successively in 1:3, 1:1 and 3:1 resin:acetone solutions for 24h each. 

The resin was prepared from a mixture of 2.6ml of Quetol651, 3.8ml of nonenylsuccinic 

anhydride (NSA), 1.3ml of methylnadic anhydride (MNA) and 0.2ml of 

benzyldimethylamine (BDMA), (Agar Scientific, Dorset, UK). Next, daily changes of pure 

resin were performed for 7 days to ensure full infiltration of samples. During this process the 

samples were kept under vacuum. After eight days, the samples were cured in the oven at 

60°C for 48h under vacuum. Although hydrated collagen denatures at ~60°C, dehydrated 

collagen remains stable when heated up to ~160°C.28 Therefore, curing should not alter the 



structure and chemistry of the samples. Ultrathin (70nm) sections of bone and tendon samples 

were cut with an ultramicrotome.  

There were several electron microscopy techniques used in the present study: bright-field 

transmission electron microscopy (BF-TEM), selected area electron diffraction (SAED), 

scanning transmission electron microscopy (STEM) in annular dark field mode (ADF-STEM) 

and electron energy-loss spectroscopy (EELS). An overview of electron microscopy methods 

for the examination of mineralizing tissues can be found elsewhere.27 

BF-TEM and SAED of mouse bone and tendon were performed on JEOL2000FX and FEI 

Titan instruments operated at 200kV and 300kV, respectively.  

We used different TEMs to obtain the optimal spatial and energy resolution at minimal doses. 

Although we were able to obtain the highest energy resolution on the Titan TEM at Ohio 

State University, the electron doses were similar on all microscopes. Total electron doses 

were kept below 104 electrons/nm2 to minimize radiation damage. The dose rate was 103 

electrons/nm2 per second. Tomographic studies of the collagen fibrils used doses of up to 

7100 e/nm2,29,30 which are close to the limit for radiation damage. Sub-pixel scanning was 

used during the acquisition of spectrum images (whereby the beam is rastered across a 

defined area of the sample, acquiring a spectrum at each step) to further minimize localized 

beam damage during spectral images collection.  

The collagen samples are most likely to undergo radiolysis and the mineral could undergo a 

mixture of radiolysis and knock-on damage.31 In the bone samples, radiolysis damage may 

result in changes to EELS spectra of carbon, nitrogen and oxygen edges.26,32 We carefully 

monitored the fine structure at each edge of the spectra being acquired for any signs of the 

damage. Importantly, we used features in the carbon (~286eV) and oxygen (~530eV) k-edge 

as damage markers. Only spectra, which did not show changes characteristic of damage, were 

analysed.  

For non-monochromated STEM-EELS, a Cs (image-)corrected, FEI Titan 80-300 microscope 

fitted with a Gatan Tridem spectrometer was used (Imperial College, UK). An optimal signal-

to-noise ratio was achieved using a probe convergence semi-angle of 8mrad (a 50mm 

condenser aperture, a spot size 9, beam current 5-20pA). Using a 48mm camera length, the 

ADF-STEM collection semi-angle range is 33-181mrad and the EELS collection semi-angle 

is 14mrad. The full-width at half-maximum (FWHM) of the non-monochromated zero loss 



peak (ZLP) was 0.6-0.7eV. Spectral images were collected from regions of interest with the 

energy dispersion of 0.05 eV/channel. Spectra of individual pixels were added up to reduce 

noise. 

For monochromated STEM-EELS, a Cs (image-)corrected, FEI Titan3 60-300 microscope 

with a Gatan Quantum spectrometer was used (Ohio State University, USA). The same beam 

current, convergence and collection semi-angles were used as above. The FWHM of the 

monochromated ZLP was 0.3-0.5eV.  

Additional monochromated STEM-EELS experiments were carried out using a Nion 

UltraSTEM100MC microscope operated at 100kV (SuperSTEM Lab, Daresbury). The 

HAADF collection semi-angle range was 85-190 mrad, with an EELS collection semi-angle 

of 44 mrad. The FWHM of the monochromated ZLP was 0.05-0.06eV, although a dispersion 

of 0.1 eV/channel was chosen to provide a large enough energy range to record the detailed 

fine structure of the carbon K and nitrogen K edges, resulting in an effective energy 

resolution (limited by the spectrometer CCD point spread function) of approximately 0.3eV. 

Reducing the incoming beam current to 9pA resulted in electron doses below 104 

electrons/nm2, comparable to those used on the Titan microscopes. Prior to imaging, samples 

were baked for 12h in a vacuum oven (10-6 Torr) with a rising temperature gradient (from 

room temperature to 100°C) with a total time of 6 hours, followed by a steady-state 

temperature plateau of 50°C. Baking was used to reduce hydrocarbon contamination.33 

A power law background subtraction with 30eV window or wider was performed on all 

acquired edges. Spectra were usually aligned to the first peak and normalized to the most 

intense peak. Calibration of the spectra was based on the literature (see each edge for details).  

All S/TEM observations were made after viewing multiple regions of three different animals 

in each group (wild type and oim). The significance of our observations was assessed with 

two-sample two-tailed t-test in Origin (OriginLab, Massachusetts, USA). 

3. Results 

3.1. Alternations of collagen matrix in tail tendon of oim mice 

Tail tendon collagen was used to examine the collagen matrix without any mineral content. 

The most characteristic feature of collagen fibrils at the nanoscale level of hierarchy is the 

periodic banding pattern. The periodic segments are typically about 67 nm in length and 



consist of two regions of dark and light contrast, corresponding to so-called gap and overlap 

regions, respectively (Figure 1A). Mass thickness contrast arising from heavy metal staining 

reveals an additional sub-banding pattern, which corresponds to positively charged regions of 

the collagen fibril (Figure 1B).34,35 The composition of the sub-bands is not known, although 

some of the bands were suggested as mineral nucleation sites.29 In both, WT and oim 

collagen, the mature fibrils exhibited this sub-banding pattern (Figure SI1). Comparison of 

sub-banding features in WT and oim tendon did not show any significant differences at the 

0.05 levelin the length of the gap, overlap and full period of the collagen fibrils (Table SI1). 

 

Figure 1 Representative ADF-STEM images of unstained (A) and stained (B) collagen 
fibrils in oim tail tendon. Brighter regions in (A) are regions with overlapping collagen 
molecules, while in darker regions there are gaps between the molecules. Brighter 
regions in (B) correspond to charged regions, which attract the staining agent. Images 
were taken on Titan at Imperial College. 

Investigation of the transverse section of mouse tail tendon showed regions composed of 

approximately circular fibril cross-section (Figure SI2). The assessment of the cross-sectional 

area revealed that the average fibril cross-sections had significantly larger areas in WT than 

in oim specimens (WT=48±29 nm2 vs. oim=34±20 nm2) and the oim fibrils rarely reached the 

sizes observed in WT tissues (1st quartile-3rd quartile: WT=20-71 nm2 vs. oim=17-49 nm2).  



In oim collagen, abnormal, fibrillar structures, as well as mature, fully developed fibrils 

similar to WT (Figure 2A, B), were present. The abnormal fibrils in oim were loosely packed 

and many of them were significantly kinked (Figure 2C, white arrowhead). Regions with 

formation of many circular and poorly packed assemblies of fibrils were also observed 

(Figure 2C, black arrowhead). In WT tissue, the circular assemblies or significant kinking of 

the fibrils were not observed. 

At the nanometre scale in both WT and oim, sub-fibrillar regions were observed (Figure 2D, 

E, F). These disorganized regions appeared to consist of finer sub-fibrils of 10 nm in 

diameter. Bundles of sub-fibrils still displayed a faint banding pattern (Figure 2E, black 

arrowheads). In oim, large regions formed of sub-fibrils were observed. Regions containing 

sub-fibrils in WT were relatively small and distributed among fully developed fibrils tissues 

(Figure 2A, D). Interestingly, some of the sub-fibrils also show their own banding (Figure 

2F).  



 

Figure 2 Representative ADF-STEM images of osmium tetroxide-stained collagen 
fibrils from tail tendon of WT (A, D) and oim (B, C, E, F) and mice observed on a Titan 
microscope at 300kV. Sections were placed on grids with a lacey carbon support, which 
is visible in images A, B, C and E. (A) Longitudinal sections of WT collagen fibrils. 
Regions containing mature fibrils coexist with regions composed of sub-fibrils (black 
arrowhead). (B) Longitudinal sections of fully developed oim collagen fibrils.  (C) 
Longitudinal, irregularly oriented, poorly packed collagen fibrils of oim mice at the 
micrometre scale. Fibrils are grouped into loose bundles and may bend (white arrow 
head). Fibrils of OIM mouse tail tendon may also form poorly packed circular 
assemblies (black arrowhead). (D) Poorly packed bundles of fine, disordered collagen 
matrix observed in the wild type. (E) At nano-scale, a faint banding pattern can be 
observed (black arrowheads point the darker bands) in regions with sub-fibrils 
observed in oim. (F) Some sub-fibrils may exhibit a sub-banding pattern (black 
arrowheads, black lines highlight the faint sub-banding). Images were taken on Titan at 
Imperial College. 

 



3.2. Organization of mineral in collagen matrix of WT and oim mice  

At higher magnifications, crystals observed in bone of WT and oim mice displayed features 

typical for mineralized collagen. Mineral platelets were usually observed edge-on giving the 

appearance of needle-like crystals. Crystals were aligned with the long axis of collagen fibrils 

(Figure 3A). In oim, this alignment was less apparent (Figure 3C).  

SAED diffraction patterns confirmed mineralized regions, in both WT and oim bone, were 

indexed as crystalline hydroxyapatite (HA) (Figure 3). SAED diffraction patterns collected 

from various regions without distinctive banding pattern of WT and oim tissue exhibited very 

similar texturing in organized and disorganized regions (Figure SI3). In disorganized regions, 

(002) reflections form full rings, sometimes segmented into few disconnected arcs. However, 

a small degree of order might be still maintained as the (002) ring showed an increase in the 

intensity in one direction. The orientation of crystals in WT and oim tissue was assessed by 

measuring the angles of arcs of the (002) plane reflections of the SAED patterns (Figure 4). 

The mean arc angle was similar in WT and oim tissues (WT=44.2±8.7° vs. oim=45.1±9°); 

however, the spread of data over two times larger in oim than in WT (1st quartile-3rd 

quartile: WT=6.8° vs. oim=17.0°).  



 

Figure 3 Representative BF-TEM images of WT (A, B) and oim (C, D) bone regions 
with corresponding indexed SAED patterns observed on the Titan TEM. The 
approximate alignment of collagen fibrils is indicated by white arrows. Fibrils in oim 
bone appear more tortuous and tend to branch and change direction than in the control 
WT tissue. The WT bone exhibited (002) arcs aligned with fibrils (B), while in oim bone 
(002) arcs were often absent in region of less organized fibrils (D). Images were taken on 
Titan at Imperial College. 



 

Figure 4 Conventional box plots were used to show changes in the length of the (002) 
arcs between wild type (WT) and oim (OI) bone specimens (n=30 regions for each 
group). WT and oim arcs have a similar mean length, but the distribution of oim arc 
lengths is much wider.  

 

3.3. EELS analysis of the chemical composition of the collagen and mineral in 
WT and oim bone 

 

EELS can be used to probe the chemical composition and bonding environment of atoms in 

the examined material. Electrons travelling through a sample can lose energy due to the 

excitation of inner-shell electrons to unoccupied states above the Fermi-level. These energy-

losses (known as core-losses) occur at characteristic onset energies that can be related to the 

presence of specific elements. In the present study, the K-edges of carbon (onset at ~283eV), 

nitrogen (~396eV) and oxygen (~530eV), and the L2,3-edges of phosphorus (~134eV) and 

calcium (~344eV) were examined. K-edges arise due to excitation of 1s electrons, and L2,3-

edges arise due to excitation of 2p electrons. The shape of the spectrum after the initial onset, 

referred to as the energy-loss near-edge structure (ELNES), can provide insight into the 



bonding environment within a compound. EELS was not performed on the tail tendon 

samples as the stain alters the bonding environment and the observed ELNES. 

For EELS analysis, transverse sections of WT and oim bone were selected (Figure SI4). 

Circular regions of high intensity were initially classified as more mineralised and their 

surrounding was classified as less mineralised. Regions labelled as more mineralised showed 

more intense signals at the Ca-K and P-L2,3 edges. Regions labelled as less mineralised 

showed less intense signals at the Ca-K and P-L2,3 edges. Approximate regions of mineralised 

WT bone could be identified readily in the micrographs (Figure SI4 A). In comparison, oim 

sections showed a smaller variation in contrast and it was more difficult to distinguish 

between more and less mineralised regions (Figure SI4 B).  

3.3.1. Phosphorus L2,3-edge 

The ELNES of the phosphorus L2,3-edge exhibits three main peaks: A, B and C at ~138, ~141 

and ~147eV, respectively. These features were followed by a broad feature D with maximum 

at ~160eV (Figure SI5 I). Phosphorus spectra were normalized and aligned to the first peak 

A, which was set to an energy-loss of 138 eV based on published data.36 

Peaks A and C are associated with transitions from core 2p to a p-like (A) and a d-like (C) 

states, respectively.36 Peak B was observed in calcium-containing minerals.36 Peak D was 

attributed to a cross-section maximum of 2p state transitions and multiple scattering.37 

In mineralized tissues, the phosphorus L2,3-edge features did not vary between WT and oim 

model (Figure SI5 I).  

3.3.2. Calcium L2,3-edge 

In mineralized bone, the calcium L2,3-edge spectra exhibited characteristic, so-called white 

line peaks A and B at ~348 and ~351 eV, respectively (Figure SI5 II ). The calcium spectra 

were aligned and normalized to the peak A, which was set to 348 eV based on literature.38 

The calcium L2,3 edge spectra of oim and WT bone did not exhibit significant differences 

(Figure SI5 II ). 

3.3.3. Oxygen K-edge 

The typical spectrum of mineralized bone of WT and oim mice (Figure SI5 III ) shows a 

double peak B-C at ~537 and ~539eV, respectively, and a weak peak D at ~545eV. In a few 



spectra, a small peak A at ~532eV was observed (OIMintra, WTintra, Figure SI5 III ). 

Oxygen spectra of mineralized regions were aligned using peak C set to 539eV. Spectra were 

normalized to the most intense peak of each individual spectrum. 

Feature A may be attributed to C=O transitions in carboxyl or amide groups in amino acids in 

protein39,40 or C=O transitions in carbonated mineral.26 Peaks B, C and D originate solely 

from transitions in the mineral phase. Peaks B and C were assigned to combined transitions 

of electrons in oxygen atoms to p-like states.26 Peak D was assigned to transitions to 4s- and 

4p-like states in oxygen bonds. 

Typically, the intrinsic variability of biological material makes interpretation of oxygen K-

edge challenging. Indeed, the oxygen K-edges structures consisted of a mixture of features 

characteristic of collagen and apatite and did not show significant variation between 

mineralized WT and oim tissue (Figure SI5 III).  

3.3.4. Carbon K-edge 

In the majority of spectra collected from WT and oim bone, peak A at ~285eV was absent or 

present only in the form of a more intense shoulder on peak B (Figure 5). Spectra of oim and 

WT bone usually started with peak B at ~286eV. Peak B was followed by small peaks C at 

~287eV, C* at ~288eV and D* at ~289eV, and a pronounced peak D at ~290eV. Peak D was 

found more frequently in oim bone. Spectra of mineralized tissue were normalized to peak B 

and calibrated to peak D set to standard 290eV based on the literature.41  

Characteristic energies  corresponding to different types of molecular bonds were compiled 

mostly from X-ray absorption near edge structure (XANES) studies and presented in Table 1. 

Peak A was assigned to 1s-ʌ* C-C transitions.42 Peak B was assigned to transitions in 

aromatic carbon or carbonyl groups.43–45,39 Peak C can be attributed to 1s-ı* C-H transitions 

in an aliphatic40 or a diamond-like bond46, 1s-ʌ* C=O transitions in peptide bonds in 

carbonyl43,46 or amidyl40 and 1s-ʌ* C=O transitions in carboxyl40. Electron transitions 

resulting in the formation of peak C* might be connected to CŁN, C=O, C=C or C-H 

excitations in nitrile, enol, aliphatic or aromatic groups.39,40,43,47 Peak D* might originate 

from transitions in various carbon-oxygen and carbon-nitrogen groups in nucleic acids.40,47,48 

Peak D was characteristic of carbonate 1s-ʌ*-A transitions.41  



Table 1 Approximate transitions in 285-294eV range in carbon K-edge fine structure 
and assignments of peaks. 

Peak  Bonds and proposed assignments Energy-loss (eV) 

A Double-bonded carbon C=C, amorphous 

carbon, graphite , protonated or alkylated 

aromatic carbon, peptide nucleic acid 

284.9-285.5 39,42,44,45,49,50 

B Aromatic carbonyl C=O, aromatic C-OH 285.8-286.5 39,40,43–45,51 

B, C Nitrile CŁN 286.7-286.9 40 

C Aromatic C-OH, aliphatic C=O, enol C-OR 287.1-287.4 39,40,44,45,52–54 

C* Aromatic carbonyl C=O, amidyl 287.7-288.3 39,40,44,45,51 

C* CH3, CH2, CH 287.0-288.5 39,40,44,45,55,56 

C*, D* Carboxyl COOH, COO, carboxyamide, 

C=N, C-N 

288.0-288.739,40,43–45,53,57 

D*  C-OH, alcohol, polysaccharide 289.3-289.5 39,40,44,45,53,54 

D Carbonate  290.0-290.2 40–42 

 

The most noteworthy difference between various regions of wild type (WT) and oim spectra 

was in the presence and intensity of peak D, which is characteristic of transitions of carbonate 

groups. 35–37 The carbonate peaks in oim bone often appeared as much more intense than in 

WT (Figure 5). Furthermore, in oim bone spectra showing the most intense peak D (Figure 5, 

OIM2, OIM3, OIM4), the shoulder E (~294eV) of a broad, high-energy peak was observed, 



which might be assigned to carbonate 1sĺı*-C and ʌ*-C transitions.58 Additionally in oim 

spectra, peaks in the energy range 286-290 eV were less intense and closer to the background 

noise level; this is particularly obvious when observed with finely monochromated EELS, 

Figure SI6, where the peaks, when present, are very well resolved and separated. These peaks 

are mostly related to functional groups associated with organic compounds, which suggests 

adecrease in the collagen to mineral ratio.  

We also observed a large inhomogeneity in the distribution of carbonate within tissues 

(Figure 5). We examined 50 different regions of both, WT and oim. There were regions with 

no carbonate detected (WT= 45% vs. oim=39%), regions where the carbonate signal was 

localized in <100 nm “spots” (WT= 17% vs. oim=25%) and regions with a seemingly 

homogeneous distribution of carbonate (WT= 38% vs. oim=36%).  



 

Figure 5 The carbon K near edge structures of mineralized bone of wild type (WT) and 
oim mice (OIM). The carbonate peak D at ~290eV observed in oim species is usually 
more intense than in WT. Formation of fine peaks on the shoulder E (~294eV) of a 
broad, high-energy peak was observed in OIM2-4, which might be assigned to 
carbonate 1sĺı*-C and ʌ*-C transitions. Spectra WT1-3 and OIM1-3 were collected 
on Titan at Imperial College. Spectra WT4 and OIM4 were collected at SuperSTEM. 



 

3.3.5. Nitrogen K-edge 

The nitrogen K-edge spectra of mineralized oim and WT bone (Figure 6) exhibits two peaks 

A and B at ~400 and ~401 eV, respectively, followed by a broad peak C at ~408 eV. 

Nitrogen spectra in mineralized tissue were aligned to the peak A of calcium edge set to 348 

eV based on published literature38 and normalized to the most intense peak (A or B). The 

calibration of energy scale was confirmed by observation of the zero loss peak before and 

after the acquisition. 

Peak A might be associated with 1s-ʌ* transitions from nitrogen in an aromatic ring39,59–61, 

which is an essential part of collagen crosslinking. Peak B might connected with 1s-ʌ* 

transitions in the nitrated carbon structure, most likely in glycine, 61,62  oxidized pyridine 39,59 

or 1s-ʌ* transitions in amide groups (C=ONH)48. The broad peak C is attributed more 

generally to 1s-ı* transitions in amino compounds,39 probably mostly originating from 

glycine.48 

A variation in the relative intensity of peaks A and B is observed in neighbouring regions of 

bone (Figure 6). Monochromated STEM-EELS was employed to resolve the origins of 

variation seen in the intensity of peaks A and B, which were suspected to originate from the 

presence of non-glycine amino acids of collagen or changes in the oxidation of states of 

nitrogen. Changes observed in nitrogen K-edge may reflect the transformation of 

hydroxyimine- to pyridine-based crosslinks, which are connected to maturation of the 

collagen matrix, 63 and the capability to nucleate and proliferate the mineral 10,63–67 



 

Figure 6 The nitrogen K near edge structures of more and less mineralized regions of 
bone of wild type (WTmore/less) and oim (OIMmore/less) mice taken from transverse 
sections of the tissue. Presented spectra were collected on Titan at Ohio State 
University. 

 

4. Discussion & conclusions 

Marked alterations in the substructure and organisation of the collagen fibrils in oim tail 

tendon were shown, including kinking and lack of banding. Although these alterations are 

expected in oim from bulk analyses, which take average measurements,7,15,18 we were able to 



show, using high resolution TEM, that some regions of the oim tissues were still able to form 

collagen fibrils with the characteristic periodic banding pattern of collagen type I fibrils, 

identical to that in WT bone and tendon. The mature oim collagen fibrils, however, had 

smaller diameters than fibrils seen in WT tendon and crystals within oim fibrils were less 

organized. Interestingly, for both cases the difference was in the variation/dispersion of 

values, while the mean values were similar between WT an oim. These findings are 

consistent with studies showing similar mean values of the periodic banding in WT and oim, 

but with the oim bone having a wider distribution of values.68 

Regions of disorganized fibrils were observed in the WT and oim bone and tendon. 

Disorganized regions in oim tissues were observed to cover extended areas, over few 

micrometres in length, in contrast disorganized regions in the WT tissues were only few 

hundred nanometres in length.  

At the micrometre scale, the malformations resembled a loosely packed, collagen structure 

similar to those observed in woven bone. Malformed structures consisted of randomly 

distributed thin, collagen fibrils, often bent or twisted, devoid of the banding pattern. Similar 

micro-defects of collagen fibrils were previously observed only in human OI tendon and bone 

tissues.69,70  

At the nanometre scale, the sub-fibrillar collagen assemblies, which exhibited no or a very 

faint banding pattern, were observed. These disorganized structures resemble structures 

observed in untwisted collagen fibrils in cornea71 and might be identical microribbons seen at 

early stages of fibrillogenesis.72 If the observed sub-fibrils represent early stages of 

fibrillogenesis, their significant presence in oim tissues could be a result of a more intense 

turnover of the collagen matrix2 and/or accumulation of sub- fibrils with time.73  It is not 

clear, however, what factors might hinder the formation of mature fibrils in oim. 

Modelling studies of collagen molecules in oim have suggested that malformation of collagen 

triple helices result in kinked molecules, which limit or even prevent formation of a mature 

fibril. 8,74 However, previous in vitro TEM studies of oim fibrils in tendon have reported only 

the formation of straight, banded collagen.7,9 In this work, we have shown that straight and 

malformed fibrils coexist in oim tissue. This finding suggests that the fibril assembly in oim 

might be hindered by other factors (i.e. by the presence of non-collagenous proteins) rather 

than the altered collagen structure alone. 



Chemical analysis did not show modifications between WT and oim tissues in the chemistry 

of mineral phase. However, we observed variations in carbon and nitrogen species within all 

examined tissues. Observed variations only occasionally followed the initial division into the 

more and less mineralised regions, and often appeared disconnected from any structural 

features observed in the tissue. This might be caused by the natural variation in the tissue or 

could be caused by the oblique orientation of examined sections. While the spatial 

distribution of chemical changes requires further studies, we can discuss the possible origins 

of chemical variations within bone tissue. 

Our observations suggest that mineral nucleating in WT and oim bone possesses the major 

structural and chemical characteristics of carbonated apatite. We did not observe any 

significant variations in the carbonate content between WT and oim. However, spatially 

resolved EELS of carbon K-edge revealed marked local changes in the amount of carbonate 

ions found within different regions of both WT and oim bone. Some studies suggested that 

spatial variations of carbonate content of the mineral may play an important role in altering 

the mechanical integrity of the bone at larger length scales.75 Our EELS data is not consistent 

with recent FTIR measurements on oim bone. In contrast to EELS, FTIR has shown that the 

carbonate-to-phosphate ratio of the mineral is lower in OI bone.22,23  This difference between 

measured values may be attributed to the fact that FTIR only assigns the B-type CO3
2- 

substitution in carbonated HA or may be related to spatial variations in the chemistry of bone, 

which are averaged out with FTIR. The variance in carbonate/phosphate ratio acquired from  

spectroscopic techniques may also arise from the polarization of the beam and the orientation 

of the specimen.76,77 Future work will conduct correlative studies between EELS and Raman 

to resolve this apparent inconsistency.   

Most of the mechanical properties of bone depend on the nanostructure of collagen molecules 

and their interactions with mineral. Formation of crosslinks is not only important for defining 

the fibril stability and mechanical properties, but may also be beneficial for the mineralisation 

process.78 However there is no single technique available to prove these relationships between 

structure, chemistry and the properties of the collagen and mineral. In this work, the 

capability of monochromated STEM-EELS in mapping functional groups on mineralized 

collagen has been very clearly demonstrated for a disease in which genetic alterations result 

in molecular deficits of collagen.  Monochromated EELS spectra collected from various 

regions of bone at the nitrogen K-edge exhibited distinct changes in fine structure and 



intensity. Observed variations were tenatively related to the presence of non-glycine amino 

acids or modification of nitrogen oxidation states 39,59, which may be connected to the 

maturation of collagen nucleation sites or crosslinks.10,63–65 Particularly, transformation of 

bivalent hydroxyimine crosslinks into trivalent pyridine-based ones and associated changes in 

the oxidation states of nitrogen-containing groups might be related to the formation of 

nucleation sites in collagen. 63,79,80 In turn, the spatial distribution of these signatures might 

describe the evolution mineral within collagen. 

These studies advocate the need for further investigations on the chemical variation in 

collagen and mineral at the nano-scale as they may reflect mineralisation process in two 

ways: directly highlighting the nucleation sites and indirectly showing collagen matrix 

modifications. Ongoing studies in our group using knock-out models with altered cross 

linking and other deficiencies in other non-collagenous proteins will be used to further test 

these hypotheses. We suggest that these analytical results open the door for compelling new 

sets of EELS experiments that can provide detailed information about the distribution and 

chemical nature of functional groups on the collagen and their role in collagen formation and 

mineralisation. Here we have identified nano-structural changes in oim tissue that has not 

been identified with bulk techniques. This not only provides an understanding of how 

molecular changes in the collagen in OI leads to brittle bones, but also gives insight into the 

necessary composition and structural features, which template collagen mineralization.  
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