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ABSTRACT 
 

Micro Proton Induced X-ray Emission (µ-PIXE) analysis has been employed 
herein in investigating and quantifying the distribution of a number of 
essential cations in two thin slices of normal and diseased human articular 
cartilage, the latter being affected by osteoarthritis (OA). The elemental 
distribution maps for Ca, P, K, S and Zn in the normal and diseased slices 
showed similar patterns with marked increases in elemental concentrations in 
the bone-cartilage interface. The S concentration was significantly lower in 
bone than in cartilage. Conversely, the Ca and P concentrations were higher in 
bone. The Ca/P ratio (2.22) of the diseased slice was determined by employing 
the Rutherford backscattering technique (RBS). The RBS figures of this 
investigation agree with values previously reported by others. Structural and 
organisational changes of collagen networks were investigated by coherent 
Small-Angle X-ray Scattering (SAXS) using beamline facilities at the Swiss 
Light Source (SLS) for a decalcified diseased human articular cartilage slice. 
The SAXS findings showed a gradual reorientation of collagen type II fibres of 
cartilage from parallel to the surface of the joint to normal to the bone-
cartilage interface. Similar patterns of orientation were observed at the 
ubchondral bone to bone-cartilage interface. s  
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INTRODUCTION 
 
Applications of Nuclear Analytical techniques (NAT’s) in the field of biological systems, 

with particular emphasas on the cellular composition and organization in tumour growth and 
connective tissue formation and degradation have been the subject of many studies in recent 
years [1-5]. The present work focuses on exploring the role of a number of essential elements 
(Ca, P, S, K and Zn) and their accumulation and distribution in bone and cartilage tissue has  
been suggested to be associated with the processes involved in the initiation and development 
of OA in terms of orientational/ reorientational features related to the disease [1, 6, 7]. In 
general, OA manifests itself as a degenerative disorder of articular joints and consequently the 
cause of disability, especially for the elderly. OA is mainly characterized by deterioration and 
loss of articular cartilage and ultimately the break down of the collagen fibres network and 
subchondral bone changes [1, 7, 8]. 
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In regard to osteoarthritis, several authors have reported that collagen synthesis is 
enhanced throughout the progress of the disease, although others have reported otherwise [9]. 
This conflict apart, it is, nevertheless, apparent that in OA the biochemical components of 
articular cartilage are subjected to gradual degradation. However, the specific features of the 
onset and progression of the early symbtoms of OA are really dealt with in detail in the 
literature.. However, there is some evidence that early OA features can be observed as 
changes in the elemental composition, such as the deposition of some essential elements/ 
divalent cations including in particular Ca, P, K and Zn in the calcified region of articular 
cartilage and these cations are well known as co-factors of a class of metalloproteinase 
enzymes such as the alkaline phosphatase, which is believed to be involved in cartilage 
mineralization processes. These enzymes are active during the initiation, and remodelling 
processes of cartilage affected with OA [1, 10, 11]. Previous authors have applied various 
techniques, ranging from those based on use of conventional x-ray sources to synchrotron 
radiation, including synchrotron radiation x-ray fluorescence (SR-XRF) and electrostatic 
accelerator based PIXE, to characterize and study the distribution of such elements in 
diseased and normal articular joints to elucidate the basic mechanisms which may be involved 
in pathological tissues [1, 6, 11, 12].  
Degradation of intercellular matrix, and collagen network disorder of the superficial collagen 
fibril network are yet other signs of OA. Subsequently, significant disruption of the cartilage 
leads to fibrillation of the joint surface [13]. Direct measurements of any spatial alterations of 
collagen fibres become possible by employing SAXS to produce distinctive information 
regarding thickness, orientation and shape of mineral features [14-19]. 
 

MATERIALS and METHODS 
Sample preparations 
 
The samples were thin slices of human femoral heads that were removed after hip 
replacement through surgical intervention. One mm thick cartilage-bone sections were cut 
perpendicularly to the cartilage surface and underlying subchondral bone using a precision 
saw (Isomet 1000). These sections were subsequently soaked in distilled water to remove any 
bone marrow and loose particulate matter. Thin slices (~ 200µm), were prepared by grinding 
and polishing using a pair of wet silicon carbide grit paper. One of these was placed under the 
section of the bone while the other was used to reduce the surface to remove saw cut marks, 
yielding a polished surface. Both surfaces of the femoral heads were ground and polished 
using 800/1200 grit paper, followed by 2000 grit paper to obtain the final desired slice 
thickness (~200µm). The cutting and grinding procedure were carried out under continuous 
flow of deionised water. 
For structural investigation of the collagen fibres decalcification of the human femoral head 
slice was carried out by soaking in 8.0 per cent formic acid over a period of 24 hours, record 
being made of its wet weight. The weight of the thin slice was noted on a daily basis and 
when variation in the weight of the thin slice was observed, the formic acid was replaced and 
the slice left in the solution for another 24 hr. To confirm the completion of the 
decalcification process, the procedure was repeated daily until stable weight of the slice was 
achieved. To keep the slices moist, they were placed in Petri dishes containing distilled water 
and stored at -5Cº pending SAXS and µ-PIXE examinations. 
 
µ- PIXE measurements  
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In the making of PIXE and RBS measurements, samples were irradiated by a 2.5 MeV proton 
beam produced from the 2 MV Tandetron accelerator situated at the University of Surrey Ion 
Beam Centre. The beam size was ~ 4 μm (H) x 6 μm (V) and the beam current was ~100-200 
pA. The characteristic X-ray spectra were collected by an e2v Si(Li) 80 mm2 crystal 2.7 mm 
thick with an energy resolution of 130 eV, with a solid angle of approximately 32 msr, the 
detector being mounted at a backscattering angle of 45° to the beam. The detector has a 6 μm 
Be window and a 130 μm Be filter. The particular crystal has a 5 µm Si dead layer. The RBS 
detector was set at a scattering angle of 155°, making a 167 msr solid angle, and has an 
energy resolution of 17 keV. 
 
SAXS measurements 
Small-angle X-ray scattering measurements were carried out at the cSAXS beamline at the 
SLS. A monochromatic photon energy of 12.4 keV was used as the incident beam, with 
rectangular dimensions of 20 μm (H) x 5 µm (V) with a sample to detector distance of 2.1 m. 
The slice was mounted on a motorised sample-stage to allow the alignment and orientation of 
the sample to the beam. Subsequently raster scanning was performed in the horizontal and 
vertical directions, covering areas of up to several square mm to encompass the cartilage 
surface and underlying bone, the scans being made for a range of momentum transfer values 
to include the prevalent order-spacings of the predominating collagen types of collagen and 
bone. The two-dimensional X-ray scattering patterns were acquired employing a Pilatus 2M 
detector (Bergamaschi et al., 2007) with a dwell time of 1 s per point, individual scans taking 
periods of between a few hours up to 8 hours. Before scanning, camera length calibration of 
the set-up was performed using a silver behenate powder standard. 
 

RESULTS and DISCUSSION 
  
 a. µ- PIXE 
As previously mentioned, two human femoral slices were examined, the first of these being a 
diseased slice of tissue from an elderly patient who had undergone a total hip replacement 
operation, the sample being designated Fem (Fig.1 a); the second slice was obtained from 
surgical intervention involving a young male patient who had no history of OA, the sample 
being designated nom (Fig.1 b); the scanning area was 2 x 2 mm2 and for the second sample 
the scanning area was 6 x 2 mm2 and subdivided into three separate scanning areas (each of 
area 2 x 2 mm2, this being the maximum scan area allowed by the PIXE facility), identified as 
scan area1, scan area2 and scan area3. A point on the trabucala (spongy bone) has been also 
examined for Ca/P ratios determination. 
                                          a                                                                b                                                                 
 
 
 
 
  

 
 
 
 
Figure 1: a) a thin slice of human diseased femoral head, showing the area at which the measurement was 

made, b) a thin slice of human healthy femoral head showing the area where the scan was made. 
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i) Fem 
 

 
Fig.2 shows a µ- PIXE spectrum of scan area1, representing Si, P, S, K, Ca, Fe and Zn.  

Figure 2:  µ- PIXE spectrum for the scan area 1. 

Fig.3 shows two dimensional maps of Ca, P, S, K and Zn; representing structure of scan area1 
at the bone-cartilage interface. The right edge of the maps shows the air interface. 
 

 

 

 

 

 

 

 

 

 

Figure3: µ- PIXE maps for Ca, P, S, K and Zn revealing the elemental makeup of the sample. 
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Figure 4: µ- PIXE maps for Ca, K, S, P and Zn on the second scan area. 

Fig.4: µ- PIXE maps for Ca, K, S, P and Zn for the scan area2 a further 2 mm down into the 
sample with respect to the previously scan (Fig. 3).  
Fig.5 illustrates µ- PIXE maps for Ca, K, S, P and Zn, 2 mm down into Fem with respect to 
the previous scan (Fig. 4).  
 

 

 

 

 

 

 

 

 

Figure 5: µ- PIXE maps for S, Ca, P and Zn 2 mm down into the sample with respect to the 
previous scan (Fig.4). 

 

Maps (Figs.3, 4 and 5) revealed higher concentrations of Ca and P in the bone, whilst S was 
higher in the cartilage overlying the bone. Zn is present at elevated concentrations at the bone-
cartilage interface. 
A line profile was taken from left to right (normal to the bone-cartilage interface) on the maps 
of scan area2. Fig.6 represents the line profiles obtained for Ca, P, K, S and Zn, being some of 
the essential elements detected in the bone to air. It is apparent that there is a relatively lower 
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accumulation of these elements within the cartilage region as compared to their deposition in 
the bone.  Conversely, S accumulation in cartilage is more prominent than in bone.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure6: line profiles of Ca, P, K, S and Zn along the bone-cartilage interface. 

A point on the trabecular  
To quantify the concentrations of essential/ trace elements present in the bone a point on the 
trabecular was taken. Table listes the concentrations of some essential elements of intrest. 
Table 1.1 lists the concentrations of essential elements on the surface of spongy bone. The 
con-centrations are given in ppm (ug/g). 
 

Table 1: Concentrations of some essential elements 
  

Element by weight  Concentration (ppm)  %Errors  Detection limit 
(ppm)  

P  54254.9  0.38  282.8  
S  23366.7  0.56  111.4  
K  0  0  102.7  
Ca  120489.4  0.07  31.9  
Zn  124.9  5.49  5.3  

 
From table1, the Ca/P ratio was 2.22, being close to the stoichiometric value for 
hydroxyapatite of 2.16. This can be compared with results of a study by Tzaphlidou, (2002), 
the Ca/P for healthy human rib bones for women and men of different ages being found to be 
2.33 and 2.35 respec-tively. The same study showed that differences between the 
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stoichiometric value and the observed values were due to the presence of bone fat, lipids or 
marrow which in rib bone accounts for a 5-10% increase in the Ca/P ratio. However, in other 
bones this influence may be even higher [20, 21]. Comparing the finding of this experiment 
and the previous study, it is evident that the Ca/P ratio in the presently studied diseased 
human femoral head was almost the same ratio as that found in nor-mal bones.  
 
ii) Nom 
Fig.7 represents the elemental maps of the area scan. 
 

 

 

 

 

 

 

 

 

 

 

Figure7: µ- PIXE maps show the structure of the sample at the area scans. 

On the above maps a line scan was taken from bone to air for ~ 1 hour. Fig.8 depicts line 
profiles of Ca, P, K, S and Zn.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure8: line profiles of Ca, P, K, S and Zn along the bone-cartilage interface. 
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The preliminary results of the spot size ~ 4µm*6µm showed relatively more accumulation of 
(Ca, P, K, S and Zn) at the bone-cartilage interface than in cartilage. Maps of Ca, P, K and Zn 
shown in Fig.7 revealed that the relative intensities of these elements were high at the border 
of calcified region (Tidemark) and relatively higer at the border of bone cavities (cement 
line). The line profiles taken from these maps presented further demonstration that there was 
enhancement intensity of these elements at the bone-cartilage interface.  
In both normal and diseased slices, a highly specific accumulation of elements (Ca, P, K, S 
and Zn) at the bone-cartilage interface has been observed. This enhancement of elemental 
distribution may suggest an increased activity of cartilage degradative enzymes, as indicated 
by more concentration of co-factor trace element such as Zn, Ca, and P. These results are in 
accordance with previous results of several authors [22, 23]. 
 
b. SAXS 
 
Cartilage is a complex material with various properties that are determined by zonal 
differences in the content and orientation of collagen. In articular cartilage, collagen network 
is the key structure that supports the architecture of the tissue by providing the tensile 
stiffness, strength and maintains its volume. The collagen fibres are oriented in different 
arrangement at the different zones from parallel to vertical to the cartilage surface. Until now, 
the orientation/reorientation of the cartilage collagen network has been difficult to determine. 
Recent techniques, however, have lately been shown to be effective for this purpose, in 
particular, cSAXS. The cSAXS technique was employed in this study to examine collagen 
orientational changes that can take during the progression of OA. For this purpose, a thin slice 
of decalcified diseased human femoral head was used; scans covering an area of 1.0 mm x 1.5 
mm, from the cartilage surface through to the underlying bone (Fig. 9), with a sequential 
series of diffraction patterns being obtained (Fig.10).   
 
 
 
 
 
 
 
 
 
 
 

Figure 9: A thin section of decalcified human femoral head, showing the area over which 
measurements were obtained. 

 
The results are plotted in terms of the orientation of cartilage and bone components for 
particular intervals of Q-space corresponding to the direct space length scales 658-568 Å (the 
characteristic collagen fibril d-spacing of collagen-II is 650 Å) and 962-833 Å respectively, 
and all other instances of ‘Å-1’ to ‘Å’’ (the bar scale to the right of each panel indicating 
relative angular orientation, from 0˚ to 90˚). From the left-hand panel, it is apparent that there 
is a gradual reorientation of the collagen-II fibres of the cartilage, from parallel to the surface 
of the joint (accommodating the gliding motion required of opposing articulating joint 

 366



IX Radiation Physics & Protection Conference, 15-19 November 2008, Nasr City - Cairo, Egypt 
 
 

surfaces), to normal to the cartilage-bone interface (to accommodate the forces delivered onto 
the bone surface). A similar pattern of orientation is seen below the cement line (the surface at 
which the cartilage anchors to the bone), for the collagen type-I prevalent in bone. The 
indication is that the mineral normally encased within the fibre, is orientated perpendicular to 
the cartilage surface in the interface region and parallel in the subchondral bone directly 
underneath the interface. Change in Q-space interval suppresses information on the relative 
orientation of type-I collagen with depth.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: orientation of the collagen fibrills; the bar code on the right shows the relative 
orientation [in degress]. 

 
Such orientational SAXS patterns offer capability for illustrating loss of collagen organization 
as a result of articular cartilage degradation.  
 

CONCLUSION 
 
µ-PIXE, RBS and SAXS are the most promising imaging and quantifying techniques for the 
assessment of OA, as the progression of OA can be determined by monitoring the 
accumulation/deposition of some essential elements such as Ca, P, K, S and Zn at the bone-
cartilage interface and orientation/reorientation of collagen fibres at the same region. In the 
present study, µ-PIXE was used to examine the distribution of Ca, P and Zn at the bone-
cartilage interface while SAXS was employed to investigate the local structure in bone and 
organisation of collagen in the various zonal areas of cartilage. The current results 
demonstrate µ-PIXE and SR-SAXS to have been successfully employed in providing a 
sensitive, high spatial resolution, non destructive multi-elemental analytical indicator of the 
development of osteoarthritic lesions. Both the elemental and orientational features are 
expected to provide further insight into the enzymatic changes occurring in OA. 
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