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Abstract

Applying X-ray photoelectron spectroscopy to human femur, 
we see a distinct spatial inhomogeneity in the distribution of 
Ca2+ bonds not only on the surface of osteoarthritis damaged 
knee department, but also in the depth of subchondral bone. 
The spectroscopic data analysis has demonstrated strong site 
dependent distortions of calcium chemical states compared to 
those in calcium hydroxyapatite crystal. These distortions are 
essential even in the intact area and reach a maximum at depth 
of 50-200 μm below the surface monolayer. This inhomogene-
ity cannot be directly assigned with the chemical reactions on 
the interphase of damaged cartilage with mineralized bone. 
We assume that it is originated by fatigue strains in the mineral 
phase. Thus, the site dependent peculiarities of chemical bond-
ing in femur are a product of two counter processes directed 
from both the cartilage mineral boundary inward and the bulk 
of subchondral bone towards its proximal surface. Further ex-
perimental studies of native bone together with 3D modeling of 
its atomic molecular architecture are discussed.

Introduction

The optimization of locomotor processes performed against 
the gravity forces is achieved by a hierarchical organization of 
the vertebrate skeleton. The organization provides a biologically 
appropriate level of resistance of bone structures to mechani-
cal loads during movement [1-5]. This concept is confirmed not 
only by the very fact of the existence of vertebrates in nature, 
but also by the preservation of the main morphological features 
of the skeleton from the nano to the macroscopic scale for more 
than 80 million years [6]. According to J. Wolff [7], it is mechani-
cal loads that arise during the execution of locomotors func-
tions that control the orientation of bone structures.

The easily tunable properties of hexagonal calcium hy-
droxyapatite (CaOH-Ap) Ca10(PO4)6(OH)2 under the influence of 
chemical substitutions, vacancies and water molecules make it 
unrivaled in comparison with other minerals. Changes in the 
stoichiometry of Ca10(PO4)6(OH)2 determine biologically signifi-
cant characteristics such as solubility, hardness, brittleness, de-

formability, thermal stability and crystallite size [8-11]. In par-
ticular, the replacement of phosphate ions with carbonate ions 
leads to deformations of the crystal lattice, which, increasing 
the solubility of CaOH-Ap, limit the size of its particles [9,10]. 
Thus, biochemical reactions interact with skeletal biomechanics 
and results in the site-dependent transformation of the atom-
molecular architecture of bone under physiological and patho-
genic conditions.

To what extent does the Wolf’s paradigm control the bone 
architecture at the nano level? The X-ray linear dichroism ob-
served near the Ca2+ 2p3/2,1/2 ionization thresholds in the cortex 
of femur [12], highlights a correspondence between the direc-
tions of bone long axes and the gravity force lines with the ori-
entation of calcium bonds.

X-ray Photoelectron Spectroscopy (XPS) and X-Ray Diffraction 
(XRD) point at a more complicated situation in Osteoarthritis 
(OA) damaged areas [13,14] due to the interplay of biochemical 
and biomechanical processes on the cartilage – mineral inter-
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phase. The most significant deviations of calcium bonds com-
pared to CaOH-Ap are detected [13,14] not inside the sclerosis 
bone areas, inside which mechanical loads are maximum, but 
near them where the mineral phase contacts with broken-car-
tilage. The situation was respectively associated with catalytic 
reactions as their ratio increases in the vicinities. The concen-
tration of Ca2+ ions in chemical states not resident in CaOH-Ap 
is found (i) insignificant in the intact area, (ii) dominating in the 
contact of mineral with broken-cartilage and (iii) reduced inside 
the area of sclerotic bone with the complete loss of the carti-
lage. Pay attention that the probing depth of Ca2+ states by XPS 
is ≈10 nm. Hence, the site-dependence of Ca2+ in homogene-
ity refers to the surface monolayer of CaOH-Ap crystallites, the 
mean size of which is about 10 nm [15].

How deep does the identified site dependence persist? To 
answer the question our focus is on changes in chemical bonds 
of Ca2+ located deeper inside the subchondral bone. For this 
purpose, the depth-dependence of Ca2+ was probed using XPS. 
We have expected to observe a monotonous transformation of 
calcium bonds in the intact area, since apatite-like Ca2+ states 
play a dominant role in the surface layers on both the proximal 
and distal sides of the saw-cuts [13,14]. But unexpectedly, the 
measurements have demonstrated a significantly non-mono-
tonic variations of calcium bonding, namely, a hidden interlayer 
with well pronounced non-apatite calcium states is detected. 

Samples and methods

Samples preparation

The medial and lateral condyles of the femur resected during 
total knee arthroplasty in patients with medial compartmental 
knee OA were used here as samples to study changes in the 
local electronic and atomic structure of the subchondral bone. 
(Figure 1) displays a radiograph of the OA-damaged knee joint. 
The sample of healthy bone is a saw-cut of the condyle of femo-
ral bone, not subjected to excessive loads, with intact cartilage 
(area 1 in Figure 1). The bone sample of damaged area is a saw 
cut of the same femoral bone, subjected to excessive mechani-
cal stress due to the development of OA and deformity in the 
joint, with full-layer loss of cartilage. The area referring to the 
sclerotic bone is labeled as 2 in (Figure 1), left panel. Just out-
side 2 there is a contact region with erased cartilage marked as 
3. Such a choice of the objects makes it possible to analyze the 
subsequence of spatial changes in the bone under the action of 
mechanical loads.

The bone samples were prepared at the R.R. Vreden Nation-
al Medical Research Center of Traumatology and Orthopedics of 
the Ministry of Health and Social Development of the Russian 
Federation. The study was also approved by the Local Ethical 
Committee of the Center. All patients have signed informed a 
consent form.

To prepare the bone samples for the XPS measurements, 
in the beginning, the bone saw-cuts were cleaned of cartilage 
tissue using a gentle mechanical treatment with a scalpel, to 
subchondral bone plate. Then, to degrease the cuts and remote 
the myeloid contents from the trabeculae of the spongy layer, 
the samples were kept for 4 days in a bath with an aqueous 
33% hydrogen peroxide solution (H2O2) mixed in a 1:1 ratio with 
hot water (60°С) and with the addition of 5 ml of 10% aque-

ous ammonium hydroxide solution (NH4OH). This mixture was 
replaced daily. To complete the cleaning process the samples 
were placed for one day in distilled water, changing it every 6 
hours. For the XPS measurements the samples were addition-
ally subjected to heating at 180°C for 2 days in thermostat to 
depress the water evaporation. Just before the XPS measure-
ments their argon-ions-cleaning was used.

To investigate the variations of calcium chemical states de-
pending on the depth, additional sections of the saw-cuts were 
made in the direction from their proximal to the distal side. 
These sections are shown with red lines in (Figure 1) (right pan-
el). To define them in more detail, we introduce a coordinate 
system X, Y, Z in which the X and Y axes are located on the proxi-
mal side and oriented as it is shown in the (Figure 1), and the Z 
axis is directed deep into the saw-cuts.

Figure 1: Left panel: OA-damaged knee joint: different areas on 
proximal side of the femur: intact 1, sclerotic bone 2, and its vicini-
ties 3. Dots show the position of the distal side (area 4) of saw-cuts 
under study. Right panel: photos of the bone samples, the disposi-
tions of additional sections normal to the proximal to the distal 
side are marked with red lines. The X, Y, Z coordinates are shown. 
Z axis is directed down.

Experimental methods

The XPS measurements were performed for the bone sam-
ples in the intact area by using the photoelectron spectrometer 
Thermo Fisher Scientific Escalab 250Xi. No sample charging or 
decomposition effects were detected during the studies. The 
measurements were recorded several times and have demon-
strated a good reproducibility. 

XPS is a well-known method providing sensitive probing of 
chemical bonds in surface layers [16,17]. In our case, the prob-
ing thickness is estimated at ≈10 nm. This value is determined 
by the peculiarities of PE waves propagation in bone tissue. To 
examine the chemical bonding below the upper monolayer, the 
Ca2+ 2p-1

3/2,1/2 photoemission from the surface of the additional 
YZ (and XZ) sections are carried out. Within this experimental 
geometry, the depth measurement step along the Z axis is de-
termined not by the PE waves propagation in bone tissue, but 
by the size of the spectrometer focal spot, the radius of which is 
about 200 micrometers.

The measured Ca2+ 2p-1
3/2,1/2-PE lines referring to the YZ sec-

tion (Figure 1) as functions of the depth z are exhibited in (Fig-
ure 2). These spectra specify the photoelectron emission from 
Ca2+ ions located on different spots on the section normal to the 
proximal side. The Ca2+ 2p-1

3/2,1/2 spectra in (Figure 2) are normal-
ized to the total array of the Ca 2p3/2,1/2 and Ca 2p1/2 spin-orbit 
split PE signals. Apart of their similarity, we also see the differ-
ent energy positions and shapes of the signals. To document 
the deviations of the spectroscopic parameters as a function of 
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z, the Voigt-functions-fit analysis of the experimental data was 
performed.

Figure 2: A depth dependence of the experimental Ca2+ 2p-1
3/2,1/2 

PE lines in intact area. Green and black curves demonstrate the 
surface spectra (XY plane), black line the data from reference [13].

Experimental data analysis

Earlier the Voigt-functions-fit analysis was successfully 
used to specify changes in the atom-molecular architecture of 
bone under physiological and pathogenic conditions (see, e.g. 
[13,18,19]). It makes it possible to extract the Ca 2p3/2,1/2 elec-
tron BEs, the Lorentzian and Gaussian Full-Width-At-The-Half-

Maximum (FWHM) and to examine the composition of the PE 
bands. The Lorentzian width is determined mainly by the Ca2+ 
2p-hole life time, whereas the Gaussian width depends on the 
bandwidth of photon source and on the inhomogeneous imper-
fectness of CaOH-Ap nanocrystals. 

The single-Voigt-function-fit approximation reproduces 
precisely the spin-doublet shape of the Ca 2p-1

3/2,1/2 PE lines in 
CaOH-Ap, carbonate calcium hydroxyapatite and in areas 1 and 
4, but not in areas 2 and 3 [13,14], for which the number of 
Voigt functions increased, so that one of them coincided with 
the function that reproduces the signal from the intact area.

The analysis of the Ca2+ 2p-1
3/2,1/2 PE line shape distortions 

and energy shifts allows us to quantify the site-dependence of 
CaOH-Ap-to-bone deviations in the electronic and atomic struc-
ture and calcium bonding. The analysis has shown that in OA-
damaged areas 2 and 3 the PE bands are basically composed 
from two main components denoted as Ca2+(A) and Ca2+(X). 
The Ca2+(A) component refers to apatite-like calcium states. It 
dominates in CaOH-Ap and healthy bone but its role drops in 
OA-damaged areas.

The weakly bound non-apatite Ca2+(X) becomes essential 
in X-ray photoemission from the proximal side in OA-damaged 
areas and can be roughly attributed to calcite-like states [13]. 
Note, that in some cases, the highly bound non-apatite Ca2+(Y) 
can be also detected. But in the present study, it does not ap-
pear. The extracted energy positions EA(X) of the Ca2+(A) and 
Ca2+(X) components, respectively, and their FWHM WA(X) as well 
as their relative contributions (R) to the total signal are collect-
ed in Table 1.

Table 1: The composition and the spectroscopic parameters EA(X) and WA(X) of Ca2+ 2p-1
3/2,1/2 PE lines as a function of depth.

# Space Components EA(X) (WA(X)) of Ca2+ 2p3/2 component R

1 HAP A 347,2(1,6) 100%

2 Surface, z≈10 nm (Proximal side ref. [13]) 
A
X

347,0(1,9
Traces

>95%

3 Surface, z≈10 nm, Monolayer; sample from this work
A
X

346,9(1,9) 
346,2(1,9)

86%
14%

4 z≈100 µm
A
X

346,9 (1,95)
346,2 (1,95)

12%
88%

5 z≈370 µm
A
X

346,9(1,76)
346,2(1,76)

42%
58%

6 z≈740 µm
A
X

346,9(1,8)
346,2(1,8)

60%
40%

7
z≈150 mm
Distal side

A
X

346,9(1,9)
Traces

>95%

Analyzing the dependence of Ca2+ 2p-1
3/2,1/2PE lines on z we 

infer that calcium bonds undergo substantial non-monotonous 
changes in mineralized bone. The changes indicate a depopula-
tion of Ca2+(A) at the initial stage of immersion into the bone, 
and its percentage comes over a minimum at the depth zmin ≈ 
100 µm, and, then, the percentage increases at z>zmin. This non-
monotonic distribution of Ca2+(A) in subchondral bone is a rath-
er surprising observation. It is unclear how the interlayer of the 
non-apatite calcium states, remote from the organic-mineral 
interphase, is formed.

(Figure 3) shows how the percentage of the apatite-like 
Ca2+(A) in bone varies with depth in the intact area within the 
YZ section. z=0 corresponds to its upper monolayer. One may 
see that Ca2+(A) dominates both near surface z<1 μm and in the 

bulk with z>1 µm, however, there is an interlayer 1 µm < z < 103 
µm with a noticeable destruction of calcium bonds. Within the 
interlayer at a depth of 10-150 µm, the contribution of the non-
apatite Ca2+(X) increases up to 88%. Pay attention to the loga-
rithmic depth scale. So, we see 3 characteristic layers: first (I), 
the surface apatite-like layer, the second, (II) the intermediate 
layer of disturbed apatite calcium and, finally, (III) the apatite-
like bulk of the subchondral bone. Such a schematic division of 
the bone saw-cut by depth is shown in (Figure 3).

The formation of the disordered intermediate layer cannot 
be directly related to the influence of catalytic reactions occur-
ring at the cartilage-mineral interphase border, since, firstly, this 
interlayer is separated from the border by a superficial undam-
aged layer and, secondly, it is observed even in the intact area. 
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We suggest that the appearance of this damaged layer may be 
related to fatigue deformations that accumulate in the mineral-
ized phase with age. However, this assumption requires further 
probing and research. Considering that (i) no other crystalline 
phase except CaOH-Ap is observed in bone [14] and (ii) the frac-
tion of non-apatite calcium bonds in it is a quantitative marker 
of structural deformations in the crystal lattice, we conclude 
that it is the short-range order that is a subject to the greatest 
distortions, and the distortions are predominantly localized at 
the boundaries of CaOH-Ap nanocrystals located both on the 
proximal side and in the depth of the subchondral bone. The 
appearance of local structural defects invokes a redistribution 
of mechanical loads in mineralized bone and contributes to the 
formation of microcracks in it.

Figure 3: Variations of apatite-like Ca2+(A) percentage as function 
of depth. Figure caption is always placed below the illus-tration. 
Short captions are centered, while long ones are justified. The 
macro button chooses the correct format automatically.

(Figure 4) illustrates the spatial inhomogeneity of calcium 
bonds in subchondral bone. The left and central panels display 
schematically the distributions of apatite-like Ca2+(A) on the 
proximal side (XY plane) in intact and OA-damaged areas. The 
images present the average data obtained for 12 patients. The 
right panel displays a map of the Ca2+(A) distribution in depth 
(YZ plane) in the intact area (logarithmic scale is used).

The left panel shows the almost homogeneous distribution 
of Ca2+(A) that plays a dominating role in the intact area on the 
proximal side. The central panel demonstrates the strong dis-
tortions of apatite-like bonds on the proximal side inside the 
sclerotic bone (areas 3 and 2) and around it. Specifically, the dis-
tortions in the vicinities (area 3) are higher than inside it (area 
2). The right panel exhibits the dependence of calcium chemical 
bonds on depth and the appearance of the hidden interlayer 
with their strong distortions, where Ca2+(X) is a dominating unit.

Figure 4: The schematic distribution of calcium states in the XY 
plane in the intact (left panel) and OA damaged (central panel) ar-
eas on the proximal side. Right panel presents the distribution in 
the YZ plane in the intact area. Strong depth-dependence of cal-
cium states is clear visible.

Conclusion

The XPS probing of subchondral bone under OA conditions 
has demonstrated that in addition to the distortions of apatite-
like calcium states in the upper monolayer on the proximal side 
there is another region with a dominance of disturbed non-
apatite calcium bonds, which is located in the bulk. The case 
study has shown that this region lies at a depth of 50-200 µm 
below the upper monolayer and the concentration of Ca2+(X) in 
it reaches even higher value than that on the proximal side in 
the OA-damaged areas. The mechanism that leads to the rup-
ture of apatite-like calcium bonds in this region cannot be di-
rectly linked to chemical reactions occurring at the “destroyed 
cartilage-mineral” interphase, since it is separated from the in-
terphase boundary by a weakly disturbed apatite layer.

We assume that the nature of these deep-seated distortions 
is closely related to the accumulation of fatigue deformations. 
The formation of the extended structural defects in bulk invokes 
a redistribution of mechanical loads inside the mineralized bone 
and gives rise to microcracks in it.

Preliminary analysis of calcium bonds in the bone depth cor-
responding to the areas 2 and 3 indicates a tendency for the 
areas with non-apatite bonds to merge at the phase boundary 
and in depth. Thus, it can be expected that the development 
of OA is accompanied by the expansion of damaged areas in 
the directions from the interphase boundary inward and from 
the bulk outward. On this background further interdisciplin-
ary research of native bone together with 3D modeling of its 
atomic-molecular architecture under physiological and patho-
genic conditions becomes very important. These studies allow 
us to test in more detail the assumption of the fusion, construct 
and inspect 3D maps of the local bone destruction on the na-
noscale, disclose the mechanisms of spatiotemporal changes in 
bone under different conditions and develop new biotechnolo-
gies of bone regeneration.
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