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Abstract

The mineral front consists of large populations of organically enshrouded calcified microspheres
(filamentous clusters) about 1 micron in diameter and associated smaller numbers of variably
dense nanospheres, 30 - 40 nm in diameter. The discrete objects persist and modulate in maturity,
and may constitute a variable “qualitative” factor in the skeletal inorganic phase, exemplified by
the biomechanically contrasting pathologies of osteoporosis (OP; fracture, low stress condition)
and osteoarthritis (OA; non fracture, high stress condition). The aim was to compare the articula-
tion front material for morphological and trace element diversity using fresh female femoral head
discards (from Dewsbury District Hospital NHS Mid-Yorkshire Trust). These were prepared for
histology of the cartilage/bone interface region by immersion in hydrazine hydrate to expose the
anorganic mineral topography for microscopy and FEGSEM microanalysis. 1) Mineral microsphere
morphology (compared to animals as arbitrary controls) suggested that calcified microspheres
from OP (n = 19) tended to be small (0.5 - 0.7 microns), smooth and compacted; those from OA (n =
19) were large (0.5 - 4.0 microns), uneven and irregularly dispersed. Respective calcified nano-
spheres from OP were similarly smaller (30 - 50 nm) than those from OA (>100 nm). In sub-
chondral bone a proportion of the filamentous microspheres had fused into a fine-textured phase
in OP and a coarse-textured phase in OA. 2) Trace element analysis (compared to positive porcine
Si and Mg and other peaks) suggested a diminution with mineral maturity, and also with age ef-
fecting OP and OA similarly, with minor differences detected between them. It was concluded that
calcified objects constituting the inorganic phase vary regionally with age and in fracture and
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nonfracture, being diminished in size (not number) in weak OP and enlarged (compared to por-
cine control) in stronger OA, with Si or Mg “doping” diminishing with time, perhaps influencing
their individual bioactivity and matrix dynamics.
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1. Introduction

Osteoarthritis (OA, non fracture) and osteoporosis (OP, fracture) are the major causes of disability in the elderly

(aged over 65 years) in the Western hemisphere [1] yet aspects of each remain enigmatic. As they do not tend to

be present in the same individual, the two conditions seem to be mutually exclusive [2]-[5], the one predisposing

to fractures and the other not. Although a low bone mass is a major factor in skeletal fragility it is not the only

one, such that some people with a bone mass below the fracture threshold never fracture, while others above the

threshold may do so, making risk for the individual difficult to predict [6]-[8]. In consequence the bone “quality”
as well as its quantity is now widely recognized as significant, but it is inevitably complex and multifactorial.

Thus in addition to the cortical and trabecular micro architecture, cell networks and remodelling frequency,

other suggestions have included age-related changes in the organic matrix (such as collagen erosion, linkage hy-

drolysis or defective fibrillogenesis), and in the inorganic matrix where the accumulation of fatigue [6] may be

manifested as microcracks, or changes in crystallinity and other mineral properties ([7] for references). However,
the contribution of these various factors is poorly understood, often equivocal and difficult to measure.

The mineral front, whether in bone or cartilage (“tidemark”; for example [9] [10]) radically alters the mechani-
cal properties of the tissue in its wake, as illustrated at the junction between soft pliant hyaline articular cartilage
and its hardened calcified counterpart. At normal joints, the discrete mineral front gently undulates to facilitate
bonding and reduce shear stress [11] [12]. At the same time, the hard, calcified cartilage transmits and dissipates
forces throughout the joint along a gradient, which protects the subchondral bone from sudden, powerful, and po-
tentially damaging action. The nature of the mineral at this pivotal boundary between soft and hard material is
central to the biomechanical performance of the joint region. In the mature skeleton, the bone salt is regularly de-
scribed in the literature as uniform sheets of small crystals of hydroxyapatite, while in fetal or immature bone
spherical mineral objects have been regularly reported (for example, [13] [14]). A transition between amorphous
(subcrystalline) and crystalline states has been long recognized [15] [16] perhaps uniting the diversity of observa-
tions into a common physicochemical sequential theme that modulates with time, the presence of organic enve-
lopes (mineral “ghosts™), the nature and extent of manipulation and pathological intervention [17]-[21].

Also of relevance to the properties of bone salt is the broad field of bio-inorganic chemistry (and related dif-
ferential energy gradients) that often progresses independently from the mainstream bone literature about the in-
organic phase (with notable exceptions such as therapeutic fluoride), largely because calcium and phosphate/
carbonate are so predominant and any other elements present seem to be either sporadic sequestration or peripa-
tetic contaminants (for example, Fe from iron cooking vessels which accumulates at the calcification front) and
toxic excess (for example, Cu causing developing joint malformation or Al which interferes with calcification if
administered in excess during dialysis, with crippling consequences). However, it is increasingly apparent that the
presence of trace elements may be key to normal calcification. This is exemplified by Mg ([22]; above or below
its dietary recommendation results in abnormal bone morphology and chemical composition), and by Si ([23];
with a bacterial evolutionary history). Similarly hydroxyapatite bioactivity is apparently influenced by Fe [24]. It
follows that there may be useful insight to be gained from the continuing “need to relate chemical observations to
biological function” [25].

The proposed investigation uses pilot mineral histochemistry (von Kossa silver stain) to assist in mapping op-
timal regions for subsequent organic tissue digestion to expose details of the inorganic phase and to direct sub-
sequent FEGSEM morphological and elemental microanalysis. In particular, the femoral articular cartilage min-
eral front and subchondral bone were selected for calcified features that may affect bone behaviour i.e. material
“quality” at what is perhaps the most physically demanding and clinically vulnerable site in the skeleton. In this
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location remarkable calcified features have already been demonstrated histologically (for example, [18]). There
follows a preliminary assessment of the biologically controlled inorganic phase and its capacity for structural
variation as manifested at opposite ends of the orthopaedic spectrum occupied by osteoporosis (fracture, low
stress condition) at one end and osteoarthritis (nonfracture, high stress condition) at the other.

2. Methods
2.1. Specimens

The head of the proximal femur has a well-defined mineral front abutting articular cartilage and is a daily source
of excised material through age-related orthopaedic intervention. Fresh human osteoporotic (n. 25), and os-
teoarthritic (n. 25) female femoral heads were kindly provided as surgical discards by the orthopaedic surgeons at
Dewsbury District Hospital, NHS Mid-Yorkshire Trust, with ethical approval and informed patient consent. In
addition and used for cursory inspection only was a single segment of “normal” elderly femoral head, a generous
gift from a frozen archive (Dr. C. Sharp; Robert Jones & Agnes Hunt Orthopaedic Hospital NHS Trust, Os-
westry). While the material was primarily from a specific Yorkshire region there was no reason to suppose that it
differed from that of similar subjects with age-related bone disease living elsewhere. For arbitrary comparison
(and in the absence of adequate normal, young adult human material as the standard) fresh femoral heads from
three animal species (2 bovine, 2 ovine, 2 plus 23 porcine) were obtained (local butcher and abattoir) to define a
reference scale of cross-species variation and to select one as a “standard.”

2.2. Preparation for Mineral Front Histomorphometry (Light Microscopy)

Nineteen each of the above OP and OA specimens, together with the animal reference material, were dehydrated
through graded alcohols and immersed in 1:1 chloroform: ethanol (1 day), followed by 100% xylene (5 min) and
methylmethacrylate (MMA) monomer (3 days). There followed impregnation with MMA containing 0.1% ben-
zoyl peroxide (catalyst; 3 days) and subsequent embedding in a polymerising mixture of MMA (monomer with
25% dibutyphthalate plasticiser and 2.5% benzoyl peroxide) at 25°C - 30°C (3 days minimum), carried out in a
water bath for exothermic heat dissipation and bubble reduction (see [26] for preparation details). The plastic-
embedded tissue blocks were sectioned on a Jung K heavy duty microtome (Reichert-Jung, Heidelberg), lubri-
cating the large block surfaces with 70% ethanol. Sections, 10 - 15 um thick, were placed between polythene-
lined glass microscope slides, clamped flat to dry, and were stained in toluidine blue stain for general histology
and in von Kossa’s stain for phosphate/carbonate (usually combined with calcium in human tissue), using XAM
mountant (BDH) for light microscopy. The mineral front (“tidemark™) was identified and the thickness of the ar-
ticular cartilage, the calcified cartilage and the subchondral bone layers was measured at ten equidistant places
in each specimen using a calibrated eyepiece graticule and x2.8 magnification on a Zeiss photomicroscope (with
a Canon Power shot G5 digital camera). The relative thickness of the three layers was compared between OP
and OA subjects and contrasted with the three reference species.

2.3. Preparation for Mineral Front Topography and Microanalysis (FEGSEM and EDX)

The remaining 6 fresh specimens from the OP and OA groups, and from the subsequently chosen porcine cohort,
were subjected to a) organic digestion of the articular cartilage to expose the mineral front and b) organic diges-
tion of the subchondral bone to its anorganic state as follows. Fresh, unembedded tissue samples were sawn into
segments approximately 1 x 1 x 2 cm and placed cartilage-side-down on the bottom of glass jars. A small
amount (approximately 0.5 ml) of 100% hydrazine hydrate (based on the bone mineral separation technique es-
tablished by Termine et al. [27]) was pipetted until the articular cartilage alone was submerged, leaving the re-
mainder of the specimen out of contact with the solution. (Sodium hypochlorite has been similarly used for this
purpose). Jars were left for one hour at room temperature, before the segments were transferred into fresh hy-
drazine and placed in an oven at 40°C where the lids were secured with parafilm since the pressure rose with
heating. After one hour and again after 17 hours, the hydrazine was replaced, allowing a further 24 hours for
complete cartilage elimination. Treated segments were washed six times in distilled water to remove all traces of
the potent digestion agent before immersion in graded ethanols (1 day in each) and air-drying at room tempera-
ture on filter paper in covered (not sealed) jars. The exposed mineral front supported by the calcified cartilage
layer was sliced intact from the remainder of the segment using a fretsaw to create a flat under-surface for ad-
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herence to a 13 mm aluminium stub (Agar Scientific) coated with carbon cement (Agar Scientific). Preparations
were allowed to dry before sputter-coating with platinum-palladium to a thickness of 5 nm in an Agar High-Re-
solution Sputter-Coater, followed by examination in a LEO 1530 FEGSEM (field emission gun scanning elec-
tron microscope), and elemental X-ray microanalysis using an Oxford Inca Energy 450 EDX system.

2.4. Preparation for Mature Mineral Topography and Microanalysis
(FEGSEM, EDX and TEM)

After removal of the mineral front/calcified cartilage top slice, the remaining subchondral bone segment was to-
tally immersed in 100% hydrazine hydrate and the above protocol repeated to expose the mature OP and OA in-
organic phase, together with that of the adult porcine reference standard. In addition, equivalent fresh bone seg-
ments that had not contacted the digestion agent were hand-crushed for separation by mechanical rather than
chemical means in a pestle and mortar to liberate the particulate powder-like mineral phase from the matrix for
inspection, and to be used as a control for any gross artefactual differences arising from hydrazine exposure. All
samples were prepared for FEGSEM and EDX microanalysis as above, and in addition for TEM (transmission
electron microscopy) by vacuum desiccation for 12 hours (but without HMDS), and embedding in Eppendorf
tubes of LR White hard grade resin for 24 hours at 70°C in a Grant QBT1 heating block. Samples were subse-
quently sectioned at 70 - 80 nm on a Reichert-Jung Ultracut ultramicrotome using a Diatome Ultra 45° diamond
knife. They were decompressed by 1 - 2 seconds exposure to trichloroethylene vapour, and collected on 150 mesh
formvar-coated copper grids, ready for examination and photography in a Jeol JEM 1200 TEM, with elemental
X-ray microanalysis in a Philips EM400 TEM with a Tracor Micro-ZIl EDX attachment. The calcified particles
were selected and measured as indicated below.

2.5. Statistical Analysis

For articular layer thickness, ten measurements were made from each of the 19 femoral heads per group (OP, OA,
porcine; i.e. 190 measurements for each of the three articulation layers). For calcified particle diameter, 20 mi-
crospheres and 20 nanospheres were measured from each of five femoral heads per group (i.e. 300 measurements
in total of calcified microsphere diameter and 300 of calcifying nanosphere diameter). Minitab version 14 was
used to test differences in tissue layer thickness between the groups and between the calcified microsphere and
nanosphere diameters recorded. An initial one-way unstacked ANOVA was performed to identify trends and po-
tentially significant differences between groups, followed by direct significance tests using two-sample unpaired
T-tests to indicate specific significant differences, with P-values of 0.05 or less considered significant.

3. Results
3.1. Articulation front Histomorphometry in OP, OA and Various Mammalian Species

The general histology of the femoral head is well documented and comparison is confined here to the relatively
thin soft and hard zones of the articular surface and the disposition of the inorganic phase of the extracellular ma-
trix in age-related fracture (OP) and non fracture (OA). An arbitrary standard for structural “normality” was
sought by examining the degree of inter-species variation in young adults, on the basis that the bipedal gait is an
ancient legacy of quadruped locomotion. The articular surface is composed of three distinctive tissue layers and to
eliminate the possibility of false positives for significant differences in their width solely due to species size dif-
ferences the absolute thickness measured for each layer was converted into relative percentages of the total thick-
ness of the three layers combined (Table 1). Proportionally, the outermost band of uncalcified hyaline cartilage
was thickest in OP, followed by adult porcine, OA, bovine and ovine, with statistical significance between all
groups except bovine c.f. ovine and OA. Conversely the middle calcified cartilage layer was thickest in the ovine,
followed by bovine, OA, porcine and OP, and differences were significant between all groups except ovine c.f.
bovine. Again, the innermost subchondral bone band showed ovine proportional thickness to be dominant, fol-
lowed by OA, bovine, porcine and OP; however significant differences were less than elsewhere, with only OP c.f.
OA, porcine, ovine, and porcine c.f. OA and ovine groups having a P-value less than 0.05. From this species ar-
ticulation overview and because the dimensions of adult porcine femoral heads were the closest to the human, the
adult pig was adopted as the best option for the optimal “normal” standard reference in the results below.

The evidence from these suggested that proportionally thicker calcified and thinner uncalcified layers charac-
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Table 1. Relative thickness of the three articular layers in osteoporosis (OP), osteoarthritis (OA) and animal species porcine
(POR), ovine (OV) and bovine (BOV).

i Articular Cartilage % Calcified Cartilage % Subchondral Bone %
Material Mean +SD Mean +SD Mean +SD
OP 86 7 8 5 7 5
OA 75 11 14 9 11 11

POR 81 7 11 5 9
oV 66 9 19 6 15
BOV 72 11 19 6 10

terised OA, while the opposite was the case in OP, viewed relative to each other and also in relation to young
adult pig (Figure 1). Thus the ratio of soft cartilage width to hard cartilage width was 7.4:1 (porcine), 11.2:1 (OP)
and 5.4:1 (OA). The greater ratio in OP may be partly due to the particularly thin calcified cartilage band, as well
as to the apparently substantial smooth and pristine band of soft articular cartilage. On the other hand, the ratio of
hard cartilage width to hard subchondral bone width was 1.2:1 (porcine), 1.1:1 (OP) and 1.3:1 (OA), i.e. there was
little difference in this regard between groups, the two hard layers being apparently interdependent. In this way,
soft cartilage in OP occupies 10% more of the overall articular layer than in OA and 5% more than in the pig. In
contrast hard cartilage in OA occupies 6% more than OP, and is 3% thicker than in pig, while the hard sub-
chondral bone band follows a similar pattern being in OA 4% wider than OP and 2% thicker than in pig, In other
words, relative to the “standard pig” the articular region is apparently too hard in osteoarthritis (high stress condi-
tion) and too soft in osteoporosis (low stress condition).

3.2. Mineral Front Properties in OP (Fracture/Low Stress) and OA
(Non-Fracture/High Stress)

Under the light microscope, in undecalcified sections in advance of the discrete mineral front the chondrocytes in
OP were small, quiescent-looking and sparsely distributed within the translucent hyaline matrix and histochemi-
cally they appeared to be devoid of mineral content as indicated by the silver stain (Figure 2(a)). In OA in con-
trast, the chondrocytes were often hypertrophic and in isogenous groups within a matrix that was frequently
coarsely fibrous. Histochemically many were loaded with discrete calcified particles (Figure 2(b)) particularly in
their juxtanuclear region (Figure 2(e)) and with surrounding “halos” of mineral in areas well in advance of the
main contour of the mineral front (Figure 2(b), Figure 2(e)). In the pig (Figure 2(c)) and in OP (Figure 2(d))
this front was finely granular, smooth and sharply defined, being coarsely granular, grossly indented and diffuse
in OA.

The calcified convolutions of the mineral front in OA combined with the encircling chondrocyte halos in the
2-dimensional histological sections were particularly striking in the SEM at low power, translating in the
3-dimensional image into numerous cone-like calcified protuberances about 150 um in diameter (Figure 3), and
confirming previous observations of Lester and Ash [18]. In the SEM at a higher magnification the mineral
morphology of the inorganic front demonstrated a size diversity in substructural calcified objects that were both
relatively large and small in OA (Figure 4). The optical differences above were also further resolved, with both
OP and porcine exhibiting regular, closely packed calcified microspheres, 0.5 - 1 um diameter, that were espe-
cially numerous in OP and sometimes compacted into domains, while in OA they were considerably larger with
occasional surface bud-like projections (Figures 5). Here the calcified microspheres were more spaciously dis-
persed and exhibited a broader size range from 0.3 - 1.7 um diameter (Figure 6), appearing in coarse and ex-
pansive domains, some of which were dissociated up to 50 pm ahead of the front. Subjective impressions were
substantiated by more extensive measurements, with significant differences in inter-group comparisons (all
P-values < 0.001) supporting observations that the mineral particles in OP were smaller (0.51 + 0.13 SD) and
more numerous per unit area than in OA (1.11 = 0.33 SD) and pig (0.74 + 0.14 SD). At the same time, the di-
ameter variability was greatest in OA, and the median values for each group were outside the interquartile range
for each of the other groups, indicating a significant difference in particulate diameter between the three (Table 2).

Using EDX microanalysis a range of calcium phosphate composites was indicated by the Ca:P ratios derived
from the spectra, with pig (1.53:1 - 1.58:1) and OP (1.55:1 - 1.67:1) varying least and OA (1.94:1 - 2.59:1) va-
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Figure 1. The proportional thickness of proximal femoral arti-
cular cartilage, calcified cartilage and subchondral bone in hu-
man osteoporosis (OP) and osteoarthritis (OA) and various ani-
mal species, showing that when correction for species skeletal
size is made the similarities are greater than the differences.

Figure 2. Photomicrographs of proximal femur articular front. Chondrocytes (arrowed) in osteoporotic and osteoarthritic
cartilage, showing that those in (a) OP are small and of quiescent appearance, while in (b) OA they are often hypertrophic
and loaded with mineral particles with similar objects dispersed outside the cells. The mineral front (arrowed) in (c) pig is
finely particulate, discrete and inclusive of occasional divided chondrocytes, and in (d) OP it is similarly finely particulate,
discrete and linear and without chondrocytes, while in (e) OA it is coarsely particulate, diffuse and highly convoluted and
inclusive of frequent calcifying chondrocytes with typically dense juxtanuclear bodies (diagonal arrow). Von Kossa’s
mineral stain. Scale bar (a) (b) 15 um, (c)-(e) 25 um. Original magnification (a) (b) x350, (c)-(g) x400.

Table 2. Calcified microsphere diameter at the femoral mineral front in osteoporosis (OP), osteoarthritis (OA) and porcine
(POR), together with the statistical analysis of significance.

. Microsphere Diameter pm Relative Diameters 95% ClI, P-value
Material
Mean +SD
OP 0.51 0.13 OP < OA —670, -530 < 0.001
OA 111 0.33 OP <POR —262, -188 < 0.001
POR 0.74 0.14 OA > POR —303, —446 < 0.001
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Figure 3. Low power scanning electron microscopy (SEM) of the osteoarthritic mineral front confirming its gross irregular
optical character (Figure 2(e)) in 3-dimensional detail. The chondrocyte lacunae are surrounded by calcified “cones”, about
150 microns in diameter, in various states of closure and considerably larger than in OP where they were invariably closed.
Sodium hypochlorite digestion (6% for 2 - 4 days; Lester and Ash, 1980). Scale bars as indicated. Original magnification
%100 (top), x350 (bottom).

Figure 4. Field emission gun scanning electron micrograph (FEGSEM) of a typical OA mineral front showing the hete-
rogeneous matrix micro-topography and calcified microsphere size variation with small microspheres (black circle) and large
microspheres (white circle). Hydrazine hydrate cartilage digestion. Scale bar 15 pm. Original magnification x1500.

Figure 5. Field emission gun scanning electron micrographs (FEGSEM) showing representative substructural detail of
calcified microsphere populations at (a) porcine, (b) OP and (c) OA mineral fronts, with the significant particulate size
difference between OP and OA. Scale bars 3 um. Original magnification x5000.
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Figure 6. Boxplot comparing the range of calcified microsphere diameters at the proximal femur mineral front in
osteoporosis (OP) and in osteoarthritis (OA), together with those in healthy pig (P), showing the wide diversity in OA and

indicating the lowest value, first quartile, median, third quartile, and highest value for each group. Asterisks represent
outliers.

rying most (Table 3; hydroxyapatite is reported to have a ratio of 1.67:1 and amorphous calcium phosphate
1.50:1; [28]). Other elements were also recorded. Thus, Si peaks were observed in all groups and were most no-
table in the young adult pig, as was also the case for Mg as well as Na and Al, and with occasional evidence of S
peaks (Figure 7). The content was lower in both the elderly (but possibly equally cellularly dynamic) OA group,
and also in the apparently more cellularly adynamic OP group.

3.3. Subchondral Bone Mineral Properties in OP (Fracture/Low Stress) and OA
(Nonfracture/High Stress)

Like the mineral front above, the equivalent FEGSEM of the subchondral bone digests and crushes indicated
populations of small calcified particles in compressed domains in OP bone matrix that differed from the larger
particles and looser domains in OA, and with the porcine material occupying the middle ground between the two.
At the same time, there was the apparent interconnection of microspheres into chains, together with their defor-
mation and gross fusion [21] into thick branched rods and expansive featureless plates in OA, and into slender
branched rods in OP with a few featureless plates (in some instances a possible artefactual distortion of reality
attributable to the removal by hydrazine of crystal growth-controlling organic envelopes, though not observed in
pig). In consequence in OP the material might be best described as “finely textured” in its topography in these
regions, compared to the “coarsely textured” OA (Figure 8).

EDX microanalysis spectra of the subchondral bone fraction indicated a Ca:P ratio that tended to be lower in
OP (1.53:1 to 1.61:1) compared with OA (1.68:1 - 1.72:1) and again with pig in between (1.58:1 - 1.66:1;
Table 3). There remained diminished but positive evidence of Si peaks, together with the consistent presence of
Mg and Na in the young adult pig, elements that were lower in OP (and included S) and less notable in OA
(Figure 9).

Addressing the optical (LM) counterpart of the bone mineral preparations prior to the corresponding TEM
particulate ultrastructure, the material whether chemically digested or physically crushed showed under the LM
the separation of myriads of von Kossa stain-positive microspheres (Figure 10(a)) with a tendency to appear
larger in OA than in OP, and with occasional rod-like and fused assemblies when processed with hydrazine hy-
drate. With the increased magnification of SEM a substructure began to be resolved (Figure 10), consistent with
previous descriptions of bone sections and isolates (for example, [7] [14] [19]) with a 5 nm filamentous ultra-
structure [29] suggested by FEGSEM (Figure 10(d)) and by TEM where clusters of 5 nm thick, sinuous calci-
fied filaments surround a less dense centre (Figures 10(e)-(f)). The less dense centre seems to be a regular fea-
ture that may facilitate microsphere deformation in response to axial stress in situ. The populations of discrete
particles are best observed when dispersed and separated intact and viewed by means of LM or SEM; they are
less easily resolved when deformed and compressed against collagen and sectioned ultrathin for TEM when
their outline is masked and may easily be overlooked.

The mechanically crushed material resembled that chemically digested in basic respects. However, as well as
releasing individual calcified microspheres and related assemblies, a population of other objects was observed.
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Table 3. EDX elemental microanalysis of the Ca:P ratio after microsphere preparation by mechanical crushing (manual) or
by hydrazine organic digestion of porcine (POR), osteoporotic (OP) and osteoarthritic (OA) femoral mineral front and
mature subchondral bone.

Material and Calcified Microsphere Ca:P ratio

Location =
Preparation POR OP OA
Mineral front Manual crush 1.53 1.67 2.59
Mineral front Hydrazine digest 1.58 1.55 1.94
Subchondral bone Manual crush 1.58 161 1.72
Subchondral bone Hydrazine digest 1.66 1.53 1.68
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Figure 7. Typical EDX (energy dispersive X-ray) microanalysis spectra of calcified microspheres at the proximal femur,
mineral front of (a) adult porcine, (b) osteoporosis, and (c) osteoarthritis. Note the variable silicon peaks together with mag-
nesium, sodium, aluminium and also sulphur in some groups. The peaks are less well defined for all the trace elements in OP

and OA compared to pig.



K. M. Linton et al.

Figure 8. Field emission gun scanning electron micrographs (FEGSEM) of femoral subchondral inorganic bone matrix. In
addition to calcified microsphere populations (as illustrated in Figure 5) a diversity of other calcified constructs included (a)
discrete, deformed micron particles with an ultrastructure (pig), (b) fine particles among calcified rods and plates with no
visible ultrastructure (OP), and (c) coarse, branched rods and broad featureless plates (OA). Hydrazine hydrate digestion (i.e.
anorganic bone). Scale bars 2 um, original magnification x6500.

These were round, more perfectly spherical and were of a smaller magnitude, appearing in substantial numbers
as discrete, variably electron dense, relatively low contrast nanospheres, generally with amorphous contents and
sometimes apparently conjoined in chains. These objects (Figure 11) were 30 - 50 nm diameter in OP, were
similar in pig and were more than twice that size (100 - 150 nm diameter) in OA. Their EDX microanalysis
showed a particular variation (Figure 11). While there was a Ca:P ratio of 1.27:1 in OA and of 1.36:1 in pig,
there was in OP no detectable phosphorus, but 17% Ca and 50% Si with no sign of Mg. In addition, a small K
peak featured in OA and an Fe peak was observed in one porcine sample, i.e. there was elemental diversity
within the nanosphere population, as seemed to be the case in the microsphere populations.

4. Discussion

The calcified skeletal matrix has evolved to optimise biomechanical performance in the young adult and with
skeletal ageing there is a well-established physical decline. In particular, the functioning of the bipedal hip dete-
riorates to a level that compromises mobility and this deficiency may pertain as much to the intrinsic properties of
the extracellular matrix [30] as to its general mass. In addition, the property of the subchondral bone is regarded
by some authors as proactive rather than a reactive response to cartilage change in the development of OA (for
example, [1] [31]-[33]). Relative to the whole elderly triple-banded articulation layer, the fracture-prone (low
stress OP) had the thickest soft layer (hyaline cartilage) and the thinnest hard layers (calcified cartilage and sub-
chondral bone), while the non-fracture-prone (high stress OA) had thinner soft parts and thicker hard parts, with
the young adult porcine arbitrary reference standard occupying the middle macroscopic ground between the two.
This observation accompanies the bone atrophy of OP [6] [7] [34], and its regional hypertrophy in OA [1] [11]
[35]-[37], together with cartilage attrition in advanced stage OA [12] [38]. There is a mouse model in which mu-
tation of the ank gene that controls pyrophosphate distribution predisposes to joint calcification, cascading rapidly
towards disabling osteoarthritis [39]. This excessive and aberrant mineral front in OA is an early instigator of
soft-to-hard tissue imbalance.

Less well recognised is the possibility of significant mineral morphological modulation as an indigenous prop-
erty of the inorganic matrix, meaning that the intrinsic nature of the bone salt (i.e. its “quality”) may, in its own
right, be a determinant of skeletal fragility. At the same time, there is a special need for caution in applying mi-
croscopic techniques that deviate from minimally manipulated fresh material to a pressure-sensitive tissue [17].
This especially includes the removal of the mineral-enshrouding and controlling noncollagenous proteins when
ultrastructural transformation is inevitable, as is likely to be the case with hydrazine. For example, in chemically
treated specimens removal of the associated organic enclosures that control mineral growth, including osteopontin,
bone sialoprotein, and osteocalcin [20], enabled a degree of mineral modulation towards fused “crystallite” units
and fenestrated plate-like forms. This led to the conclusion [21] that deproteination of bone as applied in the
preparation of “natural” implant material fundamentally alters normal mineral morphology. Given that some in-
organic molecular change was possible, the mechanically isolated mineral above was as structurally close to the
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Figure 9. EDX microanalysis spectra of mineral microsphere isolates from mature femoral
subchondral bone illustrating a general decline in trace elements compared with the mineral
front (Figure 7) in (a) pig, with a further reduction in (b) osteoporosis and (c) osteoarthritis.

in vivo state as possible in these specimens, and also “like was being compared with like” for differences between
groups under identical conditions. The mineral ultrastructure seemed basically filamentous in form (previously
reported as chains of 5 nm beads clustered into ~1 um microspheres around a less dense centre; for example [19]
[29]). These together with associated nanospheres resembled the inorganic material previously reported in slam-
frozen preparations, considered to optimally preserve the tissue chemistry [14]. Subsequent deformation and fu-
sion apparently takes place as the nascent particles at the front become subjected to the axial pressures within the
established matrix, particularly in OA, resulting in diverse architectural configurations of compressed calcified
assemblies that were sometimes rod-like and reminiscent of similar arrangements in dentine described as highly
orientated struts and stays, known to withstand exceptional compression forces [29].
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Figure 10. Calcified mature femoral subchondral bone matrix extracts showing isolates of (a)
LM intact microspheres (OA, optical microscope), compared with (b) SEM intact micros-
pheres in situ and (c) suggesting a substructure (OA), of (d) SEM filaments (pig). Shown in
more detail in ultrathin sections of the particulate isolates are (e), (f) TEM electron dense
microspheres each with a filamentous ultrastructure surrounding a less dense centre (mechani-
cal crush, pig). Scale bars (2)10 um, (b) 3 um, (c) 0.2 um, (d) 0.2 pm, (e) 200 nm, (f) 400 nm.

The limited validation of the porcine model with human material and other species of greatly differing sizes
(see also [40]) is useful in the face of perennially inadequate normal human material. As well as suggesting a
morphological consistency in mineral structure that extends into other areas of hard tissue biology [23] [41] [42],
the evidence above indicates a structural variation more complex than that exemplified by the prime min-
eral-related condition of osteomalacia, where calcified particles are simply too few in number. Thus according to
both optical and scanning electron microscopy, and notwithstanding cross-species consistency between a mouse
and a cow, the pathological extremes of OP and OA place them at opposite ends of a statistically significant par-
ticulate size spectrum in terms of their calcified microspheres (OP half the size and more numerous per unit area
c.f. OA) a statistic that also encompasses their less distinctive and apparent nanosphere precursors [14]. There has
been the previous comparison of osteoporotic and osteoarthritic bone powders produced by milling, however, few
reports in the literature on the subject describe a consistent mineral abnormality in atraumatic fracture-prone bone
[43], meaning that beyond its mass little else has been sought. That the size differential at the calcified micro-
sphere level mirrors that at the calcifying nanosphere level suggests an interrelationship as part of a developmen-
tal sequence [14] commencing inside the cell (for example, [9]). Assuming developmental parity this would place
the size determination mechanism not in the extracellular matrix but within the bone cells [44]-[52] from which,
for example, 20 - 50 nm calcified “spheres” were described budding from processes of MLO-A5 cells, and with
fabrication of at least a proportion not only taking place within extracellular matrix vesicles but also within the
cellular confines of the juxtanuclear apparatus [53]-[55].

It seems likely that ions other than calcium and phosphate/ carbonate are part of the particle size and numeracy
fabrication process. EDX microanalysis indicates the intermittent presence of Mg, Al, Fe, K, Na, S, and especially
Si. Any essential role for such trace elements in bone is difficult to pin-point as is illustrated by Si as an example.
The relevance of Si to connective tissue growth was introduced in the 1970s with the general view that it was es-
sential to health. Articular cartilage contains large quantities of hydrophilic mucopolysaccharides (MPS) rich in Si
[56] [57], especially in regions of mineralisation [58], after which they decline as bone forms from cartilage. In
addition, orthosilicic acid [Si(OH),] increases type I collagen synthesis and stimulates osteoblastic differentiation
of cells in vitro at physiological concentrations of 5 - 20 uM [59], supporting a central role in bone formation in
vivo. Consistent with this is a positive correlation between dietary Si and cortical bone mineral density at the hip
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Figure 11. Transmission electron micrographs (TEM) of low contrast mineral nanospheres
isolated from (a) pig, (b) osteoporotic, (c) osteoarthritic femoral mature subchondral bone
matrix by mechanical crushing. All images as negatives for optimal contrast. Scale bars 100
nm (a) (c) (e), original magnification 80,000x. Corresponding EDX microanalysis spectra (b)
(d) (f) are alongside: note the Mg and Si peaks in porcine (b) and OA (f) specimens, and Mg
absence from OP (d). A porcine Fe peak is present. Cu peaks are high due to specimen
proximity to the copper bars of the support grids.

in men and in premenopausal women [60]; it was also noted that the dietary Si intake of postmenopausal women
in the Dundee area of Scotland was lower than that of younger men and women [61]. Cereals, particularly oat-
based, rice, green vegetables, bananas and red lentils are prime sources of dietary Si, while beer, tap water, and
certain bottled mineral water contain the greatest quantity of soluble Si [62]. No Si-deficiency pathology has so
far been identified [63], partly because it is so ubiquitous. However, there are chick and rat responses to Si depri-
vation, and a recent central fundamental role in calcification with phosphate at the level of a bacterium was pro-
posed [23] and recapitulated in osteocytes [55]. Trace elements are not always easy to detect by EDX, as they are

)
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often at the edge of instrument sensitivity, may be heterogeneously distributed and the interpretation of spectra
requires expertise. Among the populations of particles finding any particular trace element may be likened to
“looking for a needle in a haystack,” added to which is the prevention of contamination by environmentally
widespread elements, even when precautions are taken of avoiding regular glassware [23]. At the risk of over-in-
terpretation, the evidence above (see also [64]) may show a paucity of Si and Mg in OA and also in some OP lo-
cations. The extent to which such trace elements are instrumental in directly influencing bone salt biology is not
clear, although recent reports are compelling (for example, [24] [65]). Their elevation in young adult and more
histologically dynamic bone in comparison with elderly less dynamic OP or elderly and dynamically misdirected
OA may be fundamental. For the present it can only be speculated on the tentative data presented that treatment
for a Si/Mg imbalance may one day aid elderly skeletal performance.

5. Conclusions

Differences in mineral topography, i.e. inorganic texture, between OP and OA suggest a fundamental bone
qualitative factor for consideration in evaluating skeletal structural status. Matrix digestion produced myriads of
microspherical objects visible under the optical microscope and in the SEM and also nanospherical objects visi-
ble in the TEM. The amorphous: crystalline balance within the calcified microsphere populations, their cell-di-
rected development, eventual size, fabrication number, compaction, bridged aggregation and fusion, together
with their extended assembly into diverse geometric constructs (see also [66] for a more collagen-orientated
viewpoint of texture) and their bioactivity may be modulated by age and chronic stress patterns on the one hand,
together with small quantities of inorganic ions such as Si, Mg, Al, Na, Fe, K and S, on the other, since the
populations of calcified objects are not chemically (nor immunologically [20]) identical. Thus:

e The combination of uncalcified and calcified articular layers within the proximal femur is structurally alike
between diverse species, the similarities being greater than the differences, and the porcine most closely re-
sembling the human.

e In OA there is reduced thickness of soft articular cartilage and increased thickness of hard calcified cartilage
and subchondral bone. In OP there is the converse.

e The inorganic phase at the calcification front and beyond in mature bone consists of deformable calcified mi-
crospheres (filamentous clusters) that can be isolated from the matrix (hydrazine being recorded as the most
efficient organic digestion agent) and that variably contain a diversity of inorganic trace elements.

o Calcified microspheres and their nanosphere precursors are too small (with a possible tendency towards poor
Mg expression in OP) and too large and element-deficient in OA relative to a young adult reference animal
with similar histology.

Finally, while some of the above variation may be due to manipulation and treatment, the differences do seem
to have a basis in structural reality. To use an analogy, the wellbeing of soil and its fluid flow is dependent upon
its mix of particulates; in clay the particulates are fine and their settlement compact and prone to slow water pas-
sage as a consequence; in sand the particulates are large and their settlements open and prone to rapid water pas-
sage as a result. A mix is best, and perhaps just as optimum ionic exchange and fluid flow in soil is dependent
upon its particulate mix, so also may they be in bone.
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