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ABSTRACT: The degradation mechanism of human trabecular bone
harvested from the central part of the femoral head of a patient with a
fragility fracture of the femoral neck under conditions of senile
osteoporosis was investigated by high-resolution electron microscopy.
As evidenced by light microscopy, there is a disturbance of bone
metabolism leading to severe and irreparable damages to the bone
structure. These defects are evoked by osteoclasts and thus podosome
activity. Podosomes create typical pit marks and holes of about 300−
400 nm in diameter on the bone surface. Detailed analysis of the stress
field caused by the podosomes in the extracellular bone matrix was
performed. The calculations yielded maximum stress in the range of few
megapascals resulting in formation of microcracks around the
podosomes. Disintegration of hydroxyapatite and free lying collagen
fibrils were observed at the edges of the plywood structure of the bone
lamella. At the ultimate state, the disintegration of the mineralized collagen fibrils to a gelatinous matrix comes along with a
delamination of the apatite nanoplatelets resulting in a brittle, porous bone structure. The nanoplatelets aggregate to big
hydroxyapatite plates with a size of up to 10 x 20 μm2. The enhanced plate growth can be explained by the interaction of two
mechanisms in the ruffled border zone: the accumulation of delaminated hydroxyapatite nanoplatelets near clusters of podosomes
and the accelerated nucleation and random growth of HAP nanoplatelets due to a nonsufficient concentration of process-directing
carboxylated osteocalcin cOC.
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■ INTRODUCTION

Numerous studies in the literature1−8 have been devoted to
the elucidation of the biochemical and cellular processes
causing the senile osteoporosis. There are only few studies
devoted to the changes of osteoporotic bone on the
nanoscale (1 μm−10 nm).9−11 Fractures of the femoral
neck, vertebrae, and distal radiusbeing the hallmarks of
osteoporosisare the results of low energy trauma and occur
almost exclusively in the geriatric population (Cummings and
Melton,12 Riggs and Melton,13 Acros et al.,14 and
McNamara15). Several ideas were developed, e.g., by the
use of in vitro isolated or differentiated osteoclasts to recover
bone or by donation of bisphosphonates to stop bone
degradation.16 Additional healing concepts make use of the
application of bone replacement materials, which can be
loaded by vascular endothelial growth factors, bisphospho-
nates, antibiotics, and chemical attractors.14,17,18 In 1993, it
was stated by Bailey et al.1 that collagen is modified in
osteoporotic bone. Further investigations revealed that also
the amount of collagen I is decreased.1,19 Furthermore, it is
assumed that a change of the amount of collagen crosslinks,

such as homocysteine, lysine, pyrrolidine, glycosylated
compounds, and others, may provoke a decrease in the
mechanical stability of bone.16,20

Recently, Yu and coworkers observed that the osteoblasts
in artificially evoked osteoporotic bone of rats show distinct
morphological differences to osteoblasts in healthy bone.2 As
shown by Ozasa et al.,8 osteoporosis changes the collagen/
apatite orientation and the Young’s modulus in vertebral
cortical bone of rats. By various electron microscopy
techniques, structural changes in osteoporotic bone could
be identified with a lateral resolution down to about 5 nm for
the podosome structure and atomic resolution in the case of
apatite and the underlying collagen structure within
osteoporotic bone. Transmission electron microscopy
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(TEM) on trabecular osteoporotic bone carried out by Rubin
et al.9 showed the occurrence of crystalline HAP nano-
platelets with irregular edges. However, there was no
substantial difference in crystal length or crystal thickness
between normal and osteoporotic trabecular bone. By
scanning electron microscopy (SEM), the bone mineraliza-
tion density (BMD) distribution and thus the mineralization
process have been tracked by using the backscattered
electrons with a lateral resolution of about 1 μm.3 In
osteoporotic rat trabecula, the release of collagen and calcium
degradation were observed by time of flight secondary ion
mass spectrometry (TOF-SIMS) with a lateral resolution of
about 1 μm.21 Both methods deliver an overview about the
degradation extent at the microscale.
It is the intention of this study to demonstrate that

electron microscopy can offer useful additional information to
the defect structure of osteoporotic trabecular bone,
particularly focused on the formation of microcracks and
their aggregation to larger defects. In the following, we use
high-resolution TEM and Fourier transform analysis of the
high-resolution images combined with energy-filtered TEM
for elemental mapping for a detailed analysis of nanosized
bone defects in lamellar bone in the case of senile
osteoporosis and discuss possible defect formation mecha-
nisms.

■ RESULTS

In contrast to healthy bone of young individuals, the
trabecular bone of older people (Figure 1A and Suppl. Fig.

1) is nearly devoid of osteoid. Also, cell activities are much
less than in inflammation zones of fractured bones in younger
individuals. In Figure 1A,B the sublayer structure of the
plywood bone lamella with a periodicity of about 5 μm is
visible.22 Histologically, (staining according to Trump23 and
Ito24) the red colored areas of trabecular bone correspond to
lamellar bone, appearing bright pink, which is sometimes
surrounded by a small edge of osteoid (dark pink). In
contrast, e.g., to inflammation zones of fractured bone of
young individuals, no remarkable cell activity (neither
osteoblasts nor osteoclasts) can be detected. The images in
Figure 1B−H reveal that bone starts to be damaged due to
stepwise resorption and migration of osteoclasts at the edges
and along surfaces. The dark band at the edge of about 5 μm
in width contains less calcium phosphate than the bright
inner main part of the piece of unaffected healthy bone. In
the migration zone, a trace of a thin layer of a gradually
degraded extracellular matrix (ECM) can be observed (for
more details, see Discussion, “Degradation Caused by
Individual Podosomes”).
Figure 1C shows an SEM image at a higher magnification

of this region marked by the white rectangle in Figure 1B.
The healthy bone on the right is bright, different to the
damaged thinner area on the left, which is darker. At the
upper part of the edge a thin dark region of 1−3 μm in
diameter is observed, indicating a dissolution process. The
large 20−30 μm sized dark area at the bottom with detached
and irregularly shaped remnants of calcium phosphate at its
top is more heavily affected. The lower part is already

Figure 1. (A) Light microscopy image of fractured trabecular bone of a 67 years male after staining, according to Trump23 and Ito.24 The
lamellar bone is surrounded on the left side by a small zone of osteoid (dark pink, blue arrows). Intensively stained lines within the bone
samples refer to osseous transformations in the course of remodeling. Osteoblasts, bone lining cells, and osteoclasts are not present, while
cavities of about 10 μm indicate the positions of osteocytes. (B) SEM image of the same region shown in (A) with etched patterns caused by
osteoclast activity. The patterns appear as dark areas at the edges. (C) SEM image of a trabecula edge. The dark region indicates less calcium
content, corresponding to dissolution of the inorganic component HAP. This weakening leads to cracks. (D) SEM at a higher magnification
reveals the thinner edge, appearing dark at the left. (E) TEM of the edge shows reverse contrast. The thin edge at the right is etched and looks
brighter than the unaffected bone material at the left. (F) The calcium map shows the high calcium density of bone at the left side, whereas the
vicinal area at the right side shows the large material lost. (G) Overview TEM image of dissolved edge. (H) Enlarged image taken from (G)
marked by a red rectangle at bottom right. Due to the magnification and thus lens current change in TEM, an image rotation of about 45
degrees has to be considered between images (G) and (H). At the interface (white dashed line) between the bone and etched region, there is
no remarkable difference in collagen fibril structure observed. Also, the collagen striation period of 67 nm is preserved. Interaction traces
(orange arrow) of a single podosome are seen at the center (marked by yellow circles).
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separated from the massive piece of bone (see arrows). The
enlarged micrograph of the interface in Figure 1D (marked
with the right arrow in Figure 1C) demonstrates the mass
loss at the left-hand side of the edge area compared to the
healthy part on the right. The TEM bright-field micrograph
of the edge reveals a degradation zone running parallel to the
edge with about 3 μm in width (Figure 1E). TEM
investigations (Figure 1E−G) carried out on the same area
as for SEM (Figure 1C,D) show the same phenomenon,
however with inverted contrast in comparison to SEM in
backscattered mode. In SEM, a higher amount of calcium
phosphate is indicated by a higher brightness, whereas in
TEM, a higher mass density is denoted by the dark
appearance due to larger scattering. At the same area,
elemental calcium mapping by energy-filtered TEM
(EFTEM) was performed, where the presence of calcium is
indicated by green (Figure 1F). A thin layer of HAP together
with collagen is removed, leading to a clear vertical thickness
step in the center of the image of about 160 nm, assuming a
thickness of the healthy bone of about 220 and 80 nm for the
degraded part, estimated from the gray scale line profile.
Regardless of the massive degradation at the edge, the bone
structure is not altered. As revealed by TEM at a higher
magnification, the fibril structure and the striation pattern are
preserved (Figure 1G,H). Figure 1H is the zoomed area
marked by a red frame in Figure 1G, representing a zoom
into the interface of healthy and damaged bone marked by a
white dashed line. Since there is a magnification change
between Figure 1G and Figure 1H, an image rotation occurs
due to lens current changes. Thus, a rotation angle of about
45 degrees between the images has to be considered. In the
center of Figure 1H, an “interaction zone” of a single
podosome can be seen (marked by an arrow and a yellow
dashed circle). This shallow zone is caused by the interaction

of a podosome with the extracellular bone matrix. The ECM-
degrading podosomes in resorbing osteoclasts are also
referred to as invasive podosomes.25

These small protrusive F-actin based structures are
distributed at the ventral cell membrane in the so-called
ruffle border and are extended into the underlying ECM. The
shallow pit is formed by the lytic activity of the central actin
core of the invasive podosome (diameter of about 300−400
nm).26,27 It is partially covered with actin filament residues of
the actin ring (thickness of 200−300 nm) and the central
core (diameter of about 150−200 nm) of the podosome28

(see also Figure 6A; for more details, see Discussion and
Supporting Information). Podosomes are dynamic structures
of the osteoclast, which fulfill essential functions in the cell
adhesion, mechanosensing, and degradation of the bone
matrix.25,28−31 Individual podosomes possess a lifespan in the
range of 2−10 min.28

At the inner side of the ventral membrane the ruffled
border is closely surrounded by the sealing zone. In the
sealing zone, also closely packed podosomes are situated. The
sealing zone is also connected with the basolateral side of the
cell via the cytoskeleton.25

Degradation Structure Caused by Individual Podo-
somes. Figure 2A shows the interaction of an invasive
podosome with the ECM. The osteoclast migrates along a
trace running parallel to a mineralized collagen microfibril.
The trace is cleaned by partial ECM degradation and gives
free sight on singular hydroxyapatite platelets along the
collagen fibril (Figure 2B). Outside the track, remnants of
actin filaments are observed (arrows on the right). For zoom
series, see Suppl. Fig. 2. Figure 2C shows an overview of
podosome pits (dark discs, see, e.g., red arrows).
Due to the lytic activity in the resorption lacuna (see also

few details in Discussion, “Degradation Caused by Individual

Figure 2. Podosome migration. (A) Track of podosome (yellow circle) movement, see white arrow. (B) Zoom into the podosome track (see
white dotted lines) where the surface material of the lamella is removed. Right and left remnant actin filaments are observed. (C) Trace of a
single podosome (marked by red arrows) on the mineralized extracellular matrix. The shallow pit caused by the lytic activity of the central actin
core of the podosome pit is covered with the filament residues of the actin core and the actin ring surrounding the central core. At a larger
distance, mineralized collagen microfibrils are visible. Along the fibrils, microcracks (white arrows) as well as HAP plates were found. (D)
Overview of a single podosome pit (red arrow) with a diameter of about 340 nm, appearing as dark disc in the center of the micrograph. (E, F)
Further zoom into the podosome pit reveals actin filaments of about 4−9 nm in diameter in the center and 9−14 nm at the periphery. (G) Fast
Fourier transform of (F) showing reflections of periodic ordering of fibrils. (H) Fourier-filtered image of the central part of the podosome pit in
(E). The 40 nm lattice represents loose actin filaments with α-actinin spacer (contractile bundle), whereas the 14−16 nm periodicity indicates
tight packing containing filamin and fimbrin. The loose and tight packed fibrils are normal to each other and form a nanopattern. The dots at
the top center are individual globular actin monomers with about 4 nm in diameter.
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Figure 3. TEM and SEM imaging of local destruction in a massive piece of the trabecula due to podosome activity. (A) Invasive podosomes
generate holes in the bone piece. Here, a single pit is shown with a diameter of about 300 nm, appearing as a bright area in the center of the
micrograph. The edge of the trabecula just above the hole is also damaged (white dashed lines). (B) Enlargement reveals free standing HAP
platelets inside the disruption zone around the hole, indicating the loss of the supporting collagen matrix. The plates are larger than expected,
the largest are over 100 nm long and show 60−80 nm in width. The collagen fibrils underneath, showing typical striation pattern, are still
present and are not affected by the local removal of collagen in the neighbored area. (C) Zoom in to the plates. (D) Electron diffraction shows
the presence of HAP. (E) Decomposition of the trabecula observed at the edge of the bone sample. Massive presence of pits generated by
podosomes (some marked by arrows). (F) The zoom shows that the HAP depletion takes place parallel to the collagen fibril long axis. At the
top, apatite platelets are set free due to collagen degradation. (G, H) Degradation due to partial dissolution of the apatite along the rim yields
free lying collagen fibrils. (I) Scanning electron microscopy (SEM) image (secondary electrons) of a trabecula reveals layer-by-layer depletion of
the plywood structure. Depletion of organics becomes evident, appearing as a bright irregular assembly below the trabecula (see arrow). (J) The
thin layer (marked with an arrow) is partially detached from the trabecula surface and shows less HAP content.

Figure 4. Light microscopy (LM), scanning electron microscopy (SEM) and TEM micrograph display three regions of different decomposition
of the “island”. (A) Light microscopy of stained sample shows the island (arrow) in the vicinity of massive pieces of bone. (B) SEM of the same
region. (C) TEM overview image of the island with three different heavy degradation zones. TEM image is rotated by 180 degrees and
mirrored with respect to LM and SEM images in (A) and (B). (D) In region 3, the collagen fibrils are completely dissolved. A gelatinous
collagen network is formed. In region 2, the collagen fibrils are heavily affected. Region 1 is the most preserved structure with nicely ordered
fibrils, already with incomplete coverage of HAP platelets. (E−H) TEM of region 3. (E) Overview image of the interface between region 3 on
the left with holes and region 1. (F) Enlarged interface of region 2 with heavily affected fibrils and region 3 where the fibril structure is
destroyed. (G) High resolved image of region 3 showing pores and podosome pits with 800 nm distance (orange circles). The track between
them is a shallow trace of ECM dissolution and thus paved with cracks. (H) Degenerated collagen remnant due to enzymatic and lytic
podosome activity: image of the gelatinous organic layer in region 3, composed of a disordered network of fibrils with diameters of 1−2 nm. (I)
Energy-filtered TEM of regions 3 and 1. Region 3 shows significant lack of collagen fibrils and loss of material in the form of pores (black areas
at the top). Yellow arrows indicate the presence of organics, presumably actin, in the smaller pores. Region 1 reveals the most preserved
structure. (J) The combined carbon (red) and calcium (green) map of region 1 at high resolution reveals that, in this region, mainly HAP is
present. The collagen content is strongly reduced, mainly present in the center. The Ca distribution is inhomogeneous due to acidic depletion
(dark areas).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.0c01493
ACS Biomater. Sci. Eng. 2021, 7, 2255−2267

2258

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig4&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01493?rel=cite-as&ref=PDF&jav=VoR


Podosomes”) together with the local stress field of the
podosome, the bone structure is weakened. The induced
force results in microcrack formation visible as bright rod-like
structures marked with white arrows in Figure 2C emerging
around the podosome site. They are grown along interfaces
of HAP platelets oriented perpendicularly to the image plane
(short dark strips in the TEM image). The zoom into a
podosome reveals the presence of G-actin and actin filaments
of different diameters (Figure 2D−F). The Fourier transform
(Figure 2G) and the corresponding filtered image (Figure
2H) suggest diameters of globular actin of about 5−6 nm,
filamentous actin of about 7 nm, fimbrin-linked and α-
actinin-linked actin filaments of about 14 and about 40 nm,
respectively. More details of the used filtering procedure are
given by Simon et al..32

The local dissolution of the ECM in the trabecula occurred
as detected by TEM (Figure 3A), leading to the generation
of holes and pores, partially filled with remnant loose HAP
platelets at the rim. The size of the pore is about 200 nm,
thus slightly less than the podosome diameter. The edge of
the bone piece (marked by white dashed lines in Figure 3A)
in the vicinity of the pore is thinned in such a way that the
HAP plates and the collagen striation are not present
anymore. At this thin edge, only a fine network of thin fibrils
with few nanometer diameters remains. Remarkably, while
the supporting collagen matrix for the HAP platelets is
destroyed, any HAP platelets are partially free standing fixed
by neighboring plates (Figure 3B,C). They are considerably
larger than known plate sizes in healthy bone of about 45 x
20 nm. In our case, the largest plates are about 100−120 nm
in length and 60−80 nm in width. The HAP orientation
along the fibrils still persists and is still parallel as proved by
electron diffraction (Figure 3D). Figure 3E,F shows that
degradation of the ECM takes place parallel to collagen fibril
long axis caused by high activity of invasive podosomes, see
arrows. The bright structures are the imprints of the ECM
degradation caused by the posodomes. The ECM degradation
due to podosomes along the edges leads to a thinner apatite
rim. This eventually results in the uncovering of the collagen
scaffold, see Figure 3G,H. At the bottom of the images,
remnants of apatite (dark regions) are found, whereas above,
a free lying and dense collagen fibril matrix appears. A layer-
by-layer depletion of the plywood structure is revealed by
scanning electron microscopy (SEM) on a piece of trabecular
bone in Figure 3I,J. Due to the surface sensitivity of the
secondary electrons, the depletion of collagen becomes
evident, appearing as irregularly shaped bright regions just
below the trabecula, see arrow in Figure 3I. Only the part
directly attached to the bone piece is layered, whereas the
detached part is denatured and does not possess the fibrillar
structure any more. In the enlarged view of the depletion
region at the top right, the lower layer (Figure 3J, arrow) is
partially detached from the trabecula surface and shows only
less HAP content.
Degradation Structure Caused by Podosome As-

semblies. As shown in Figure 4, besides degradation by
individual podosomes, there are interaction zones of
podosome clusters with the extracellular matrix. Following a
classification proposed by Linder and Wiesner,28 we can
distinguish podosome clusters, rings, and the densely packed
sealing zone (SZ), which confines the resorption lacuna and/
or SZ-like belts (SZL). Typical distances of the individual
podosomes in clusters are about 750 nm, in the SZ about

210 nm. The clusters are stable patterns (up to several
hours), while the lifespan of an individual podosome within a
cluster is around 3 min in average and varies in the range of
2−10 min. The cluster size can reach up to 3 μm. The rings
are transient forms in the transition from clusters to the
stable SZ. In the ring structures, the lifespan of individual
podosomes is shortened from 3 to 1 min. Thus, it can be
concluded that the observed larger degradation patterns
shown in Figure 4 are produced by a podosome cluster.
In the stained light microscopy micrograph in Figure 4A,

an “island” is shown and in Figure 4B the corresponding
SEM image. In the TEM images of the “island” (Figure
4C,D), three different parts are visible. On the left, named as
region 2, a degraded structure is observed. The collagen
fibrils are already partially decomposed to such an extent that
they do not show the striation of 67 nm. In the center of the
island (region 3), the heaviest destruction appeared. The
organic part is affected in such a way that the collagen matrix
function is lost. The apatite platelets start to fall apart as
demonstrated by broken pieces protruding from the surface.
The apatite platelets do not show a regular tetragonal habit,
and they are rounded and irregularly shaped. The apatite is
disordered as shown by electron diffraction, and no collagen
fibrils are present. Region 1 represents the most preserved
structure. The collagen fibrils are clearly imaged with the
striation; however, the coverage by HAP is not complete any
more. The island was originally a part of massive bone. Due
to localized formation of a cluster or a band of invasive
podosomes inside a ring-like sealing zone, such extreme
damage can be explained (see also the discussion at pages
21−23). Figure 4E shows a higher ring-like magnification of
the interface between region 3 on the left and region 1 on
the right. The interface between regions 2 and 3 is very sharp
(Figure 4F) due to the distinct structural changes between
the two regions. Further zoom into the heavily damaged HAP
plates of region 3 reveals pits and holes evoked by
podosomes (Figure 4G). Two pits with 800 nm distance
are highlighted by orange circles. The track between them is
thinned out, and cracks evolve along the migration path. The
apatite component shows a random orientation as indicated
by the electron diffraction inset. As shown in Figure 4H, in
region 3, the collagen component is heavily destroyed and
disintegrated. A mesh of very fine fibrils down to the
thickness of a triple helix (1.5 nm) and alpha chains (0.8 nm)
covers the surface of this area, giving rise to a gelatinous
organic matrix.
In order to prove that the osteoclast activity causes HAP

and collagen dissolution, energy-filtered transmission electron
microscopy (EFTEM) was performed on regions 3 and 1
(Figure 4I,J). The calcium and carbon absorbance edges were
used to record the elemental distribution. The overlaid
calcium and carbon maps in Figure 4I of regions 3 and 1
show that mainly HAP is present (green), whereas collagen is
depleted (red). Organics is mainly present in region 3, see
bright red spots at the top and remnants appearing as fine
and faint red lines between roundish HAP plates. The
calcium map indicates a remarkable loss of HAP and thus
bone mass in region 3, evidenced by black holes and dark
lines between HAP plates. In region 1, a large number of
fibrils appear black, indicating a demineralization process by
the removal of HAP. As we have already shown for region 3,
the collagen structure is destroyed (Figure 4H), whereas
region 1 still shows preserved collagen fibrils. In the
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combined carbon-calcium map, at a higher resolution of
region 1 (Figure 4J), mainly HAP (green) is present, with
some residues of collagen in the center (red). HAP is
strongly affected by acidic etching (dark areas). At thinner
areas, collagen striation of 67 nm is visible through the
calcium signal. Massive HAP plates of about 200−300 nm in
size are observed at the top. The total amount of collagen is
remarkably reduced, and only some partially free lying fibrils
in the center (red) (Figure 4J) remain. HAP is observed over
the whole area. However, the calcium distribution is
inhomogeneous due to a structured degradation process
caused by a heterogeneous distribution of solitary podosomes
in clusters at the ruffled border of the resorption lacuna. For
a complete series of elemental maps and corresponding
bright-field images, see Suppl. Fig. 3.
Figure 5A shows SEM images of distinct structures, which

stem from the isolated “island” (marked by the arrow), see
also Figure 4 from the same region. This part displays an
advanced stage of degradation and is separated from the
massive bone on the right showing the regular plywood
pattern. The zoomed micrographs in Figure 5B−D show
large HAP plates, which protrude from the surface in the
central part of the “island”. At an even higher magnification
(Figure 5E,F), it seems that the big plates are grown by
aggregation and sintering of randomly oriented small HAP
platelets. On the surface of individual plates, traces of actin
fibrils (see arrow) and cavities were observed. The organics is
spread like a spider net on the HAP plates, forming an
incomplete coverage (Figure 5F, arrow). In order to
characterize the nanocavities, the backscattered mode was
chosen, revealing pits of 100−400 nm in diameter (Figure
5G,H). These diameter values are in the range of the pit
diameters of individual podosomes registered also by TEM
(Figure 2C,D, Figure 3A−F). Often, the pits are arranged in
short chain-like traces with a distance between neighboring
pits of about 500−800 nm (Figure 5E−H). Interestingly, the
nanocavities only appear on the brittle HAP plates on which
also actin is observed. Free lying HAP areas without covering
by actin are not affected.

■ DISCUSSION
Degradation Patterns on the Micrometer Scale. In

Figures 1−5, characteristic features of degradation patterns
on the microstructural level are shown. As stated by Ozasa et
al., changes in the micro-orientations of collagen and apatite
deteriorate bone strength in osteoporosis.8 There are also
more pronounced defects in the plywood structure of the
lamellae stacks in osteoporotic bone as shown by Rubin and
Jasiuk in 200533 (see, for instance, Figs. 3 and 7 in ref 33).
These defects are also responsible for the differences in the
microstructural degradation patterns at the bone surface. For
instance, there are surface regions covered with more or less
ordered mineralized collagen fibrils (Figures 1, 2, and 5),
alternating with regions with a completely destroyed fibril
structure (Figure 3), and with “islands” of packages of HAP
(Figure 5).
Structural Changes on the Nanometer Scale.

Characteristic structural features of the interaction of
osteoclasts with the mineralized extracellular matrix (ECM)
are summarized in Figure 2A,B and Suppl. Fig. 2. They show
the transition from a pit to a continuous trace. As known for
healthy trabecular bone (see, for instance, Gentzsch et al.34),
the resorption lacunae are arranged parallel to collagen fibers,

which correlates with the dominating direction of the tensile
strain.
For the interpretation of the observed structural changes in

a resorption lacuna due to cellular activity on the nanoscale, a
more detailed analysis of the traces caused by invasive
podosomes is helpful.
The cycling motion of invasive podosomes is directly

linked with the degradation of the extracellular matrix.
Invasive podosomes degrade the ECM by binding matrix-lytic
enzymes, particularly by metalloproteinases such as matrix
metalloproteinases (MMPs) or ADAMs (a disintegrin and
metalloproteinase).26−28 Furthermore, they transfer the force
generated by actin assembly to form protrusions and cross
tissue barriers.35 All these data demonstrate that podosomes

Figure 5. SEM zoom series of an isolated and heavily affected
“island” shaped piece of bone recorded with surface-sensitive
secondary electrons. (A) SEM overview image with the island
marked by an arrow. Large intact fragments are detached from the
trabecula, but also irregularly shaped pieces are observed. (B) On
the right, a healthy piece of bone displays a plywood pattern, which
does not show up any more in the isolated piece. (C) Enlargement
reveals the central region where brittle HAP platelets protrude from
the surface, whereas at the edges, the sample seems to be not
affected. (D) The highest magnification used reveals that the zone is
free of any collagen fibrils, which results in a very fragile structure.
(E, F) Topography-sensitive secondary images display the presence
of actin (see arrow) and thus indicate the activity of invasive
podosomes on the surface of the HAP plates, causing the observed
nanocavities. The HAP dissolution is evoked by the high acidity (H+

ions) in the resorption lacuna. The diameter of the nanocavities is in
the range of the podosome diameter (see Figure 2D) and
corresponds to pit sizes observed by TEM (Figure 3A−D). (G,
H) Material-sensitive backscattered images reveal a mesh-like
distribution of nanosized cavities on the surface with diameters of
100−400 nm; mesh width about 600−800 nm.
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transmit endogenous forces to the outside ECM proteins.36

Looking on the damage zones with a higher resolution, as in
Figures 1H,2A−H, 4E−H, and 5E−H, and Suppl. Fig. 2,
various patterns of discrete damage zones are visible. These
pits with diameters typically from 100 to 400 nm have been

identified as traces of the interaction of individual podosomes
with the underlying bone matrix (Linder et al.,28 Akisaka et
al.,37 Takito et al.,31 Collin et al.,36 and Schachtner et al.35).

Degradation Caused by Individual Podosomes.
Typically, a single podosome has a diameter of 0.5−1 μm

Figure 6. Stress distribution in the extracellular matrix near the surface caused by podosomes. Stresses were calculated within an axial podosome
model assuming isotropic elastic properties of the lamellar bone with plywood structure. (A) Structural model of a podosome, typically 0.5 μm
in diameter. (B) Presentation of the first principal stress σprin (r,z) of a solitary podosome, reaction range typically 3 μm in diameter (left), and
a podosome in a cluster with a podosome reaction range of 750 nm (right). The force Fc = 150 nN acts within the central core (diameter of 0.3
μm) on the extracellular matrix. (C) Distribution of the radial stress σrr (r,z), podosome reaction range 3 μm. (D) Distribution of the radial
stress σrr (r,z), podosome reaction range 750 nm. (E) Maximum values of the various stress components in dependence on the podosome
reaction range 2 r. Maximum values of the various stress components in dependence on the podosome reaction range 2 r, assuming cylindrical
symmetry along the podosome axis (σrr = radial stress, σrz = shear stress, σzz = axial stress, σΦΦ = tangential stress).

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.0c01493
ACS Biomater. Sci. Eng. 2021, 7, 2255−2267

2261

http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.0c01493/suppl_file/ab0c01493_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01493?fig=fig6&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01493?rel=cite-as&ref=PDF&jav=VoR


and a height of about 0.6 μm. The average distance of
solitary podosomes in a cell is about 3 μm. In Figure 6A, a
schema of the axial architecture of a podosome is shown as
an (r, z)-cross section. To explain the various functions of a
podosome, we distinguish three main components:

(i) the central protrusion module (the central part of the
core) of branched actin filaments and the linear
filaments forming the peripheral protrusion module
(the peripheral part of the core),38

(ii) the ventral module consisting of interpodosomal actin
filaments. It connects the core of the podosome with
the plasma membrane of the osteoclast, and

(iii) the dorsal module forming a long-range connecting
network with the surrounding podosomes. It is, for
instance, relevant for pattern formation of podosomes
as clusters, rings, and the sealing zone.39

In the ventral and dorsal modules, the actin filaments are
crosslinked by myosin IIA motors. Each module contains
specific actin interactors (e.g., actin binding as WASP, arp2/3,
cortactin located at the central part of the podosome core,
and α-actinin partially colocalized with vinculin at the ventral
part of podosomes38). Podosomes are dynamic structures
characterized by a cycling expansion and contraction of the
podosome core in their interaction with the extracellular
substrate. The motion of the actin core is caused by the
superposition of the force Fc due to polymerization and
dissolution of globular actin monomers at the actin filaments
in the actin core with the force of the myosin motors located
in the actin cables of the ventral module (force Fv). The force
Fd within the actin cables in the dorsal module is also caused
by myosin motors. The cycling motion of invasive
podosomes is directly linked with the degradation of the
extracellular matrix.
As pointed out by Takito et al.,31 the distribution of

invasive podosomes in the ruffled border membrane can be
observed as pit-like traces on the migration path when the
osteoclast has stopped bone resorption and migrates on ECM
surfaces. Such a pattern is formed when the sealing zone has
a ring-like shape. As seen in Figures 1C and 2A,B and Suppl.
Fig. 2, also a transition from a pit-like lacuna to a continuous
degradation trace of the podosome structure was observed. In
this case, a crescent shape of the sealing zones can be
expected. This leads to a continuous trail- or trench-type
resorption trace.31 Osteoclasts with a crescent-shaped sealing
zone form deeper resorption traces than those with a ring-
shaped sealing zone.
As pointed out by Takito et al.,31 the distribution of the

podosomes in the ruffled border membrane can be observed
depending on the depth the resorption lacuna. This depth
influence occurs, when the osteoclast changes from the
stationary resorption into the migration mode. If the
resorption lacuna is shallow, the osteoclast migrates without
resorption along the surface until the following stationary
resorption state starts. However, in the case of a deep
resorption lacuna, the osteoclast cannot leave the resorption
lacuna. Therefore, the wall of the lacuna is moving together
with the migrating osteoclast along the surface. In conclusion,
we can observe in the case of a shallow resorption lacuna the
discrete pattern of the resorption pits of invasive podosomes
distributed in the resorption lacuna, whereas with a deep
lacuna, the osteoclast produces a trail- or trench-type trace
without a sharp pattern of single podosomes. In human bone,

both types of resorption traces have been observed. The pit-
like trace is formed when the sealing zone has a ring-like
shape.31 Alternatively, also a crescent shape of the sealing
zones is possible. This leads to the continuous trail- or
trench-type resorption traces. Osteoclasts with a crescent-
shaped sealing zone show higher collagenolytic activity and
form deeper resorption traces than those with a ring-shaped
sealing zone.40 The chains of discrete resorption pits in
Figures 1H, 4E, and 5E−H, allows the conclusion that, in this
bone structure, ring-like sealing zones have been formed in
the osteoclasts. As seen in Figures 1C and 2A,B and Suppl.
Fig. 2, also a transition from a pit-like lacuna to a continuous
degradation trace of the podosome structure was observed.
The mode of the sealing zone depends on the cell type and
the specific substrate structure.40 The pits as well as the
continuous degradation trace are covered with actin frag-
ments (Figure 2A−F and Suppl. Fig. 2.).
As shown in Figure 2C, few microcracks are formed near

the pit. These microcracks are caused by a localized radial
tension during the pit formation. In Figure 6B,C, theoretical
estimates of the first principal stress σprin and the radial stress
σrr at the surface of a bone lamella are plotted for the case of
an individual podosome as well as for a podosome located in
a podosome cluster. For the modeling, experimental data
from protrusion force microscopy (PFM)41 studies have been
used. The change of the deformation of formvar sheets
caused by oscillating podosomes of living cells has been
measured by atomic force microscopy. Underneath the
central core of single oscillating podosomes, indentation
forces up to 150 nN have been measured. These forces are
caused by the combined action of myosin motors and actin
polymerization in the podosome.
Assuming a maximum indentation force of 150 nN

underneath the central core41 of the podosome, the induced
stresses are in the range of hundreds of kPa up to few MPa
near the podosome (for details, see the Supporting
Information). Obviously, the formation of submicrometer
cracks near podosomes is caused mainly by the radial tensile
stress σrr. The stress acts in a shallow zone beneath the
surface up to a depth of about 0.1 μm. The calculated stress
values are only a crude upper estimate because of our
strongly simplifying assumptions concerning the used
materials equations, neglecting, for example, plastic or
viscoelastic deformations.
The stack of HAP platelets shown in Figure 3A,B is

presumably caused by the shear stress τrz around podosomes
(Figure 6D), provided that the HAP platelets are oriented
parallel to the surface. Under this condition, the surface shear
stress causes extended viscoelastic or plastic flow of the
extrafibrillar matrix (the glue layer between the mineralized
fibrils42). Together with the lytic activities in the resorption
lacuna, also segments of the collagen triple helices can be
destroyed. For the calculation, these data were derived from a
detailed analysis of the anisotropic elastic constants of
lamellar bone with plywood structure.43

Degradation Caused by Podosome Assemblies.
From the distribution of pits in Figures 2C, 4E,G, and 5,
their average distance is estimated as 600−700 nm. The
extension of the calculated first principal stress in Figure 6B
(right) suggests that the induced stress covers almost the
whole surface region available per podosome. The structure is
stabilized by an increase in the density of dorsal actin cables
as experimentally demonstrated by Luxenburg et al.39 The
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observed pit chains in Figures 2C, 4E, 5E−H, and 7 could be
degradation traces of such cluster-like structures.

The “big plates” of HAP shown in Figure 5 result from
high concentrations of Ca ions as well as ucOC. As
mentioned already in connection with Figure 3B,C the
solitary HAP platelets are larger than HAP platelets in
mineralized healthy bone. It means that, in osteoporosis of
elderly men, inhibition of platelet growth is reduced by
impaired osteoblast genesis in an “aged” bone microenviron-
ment. A possible explanation of this phenomenon could be a
change of noncollagenous proteins (NCPs) produced by
osteoblasts. Compared to healthy bone, a significant change
of the structure of osteocalcin (OC) has been observed in
osteoporotic bone.44−47 OC is the most abundant non-
collagenous protein (NCP) in the extracellular matrix.
Together with osteopontin (OPN), OC influences primarily
the structure and mechanical behavior of the bone matrix.45,46

OC contains 46−50 amino acids, depending on the species.
Two antiparallel α-helices, the “Gla helix” (α1) and the “Asp-
Glu-helix” (α2), are framed by β-sheet structures. The
carboxylated Gla proteins are small proteins, including γ-
carboxyglutamic acid (Gla) with its two-fold negatively
charged residue. It offers a perfect binding site for Ca2+.
Because of three Gla residues of the α1-helix and the Asp-
Glu residue of the α2-helix, carboxylated osteocalcin (cOC)
has a strong binding efficiency to Ca2+ ions. This form is
needed to stabilize Ca ions in solution.48

The synthesis of OC by osteoblasts is vitamin D- and
vitamin K-dependent.44 Vitamin K is necessary for the
posttranslational γ-carboxylation of glutamic acid residues. In
connection with the growth of HAP minerals, two different

forms of the total OC (tOC) have to be distinguished, the
carboxylated OC (cOC) and the undercarboxylated OC
(ucOC).49 As shown by Hoang et al.,50 the three Gla residues
and the Asp residue of cOC can coordinate five Ca2+ ions on
the prism face (100) and also on the secondary prism face
(110) of HAP, which leads to highly regular HAP
nanoplatelets in the mineralized collagen fibrils. However,
the low affinity of ucOC to calcium ions causes a reduced
bone quality (Hauschka et al.).46

The functionality of carboxylated osteocalcin (cOC) in
mineralization has been interpreted as a process-directing
agent for the intrafibrillar nucleation of HAP crystals in the
type I collagen macrofibrils.32,51,52 The collagen microfibril
can be regarded as the structure-directing agent.10 Particular
motifs of amino acids initiate the crystallization of HAP (c-
axis parallel to the fibril orientation). This assumption is
supported by atomistic computer simulations of the
interaction of the calcium and phosphate ions with a model
molecule built of three polypeptide strands (glycin-proline-
hydroxyproline) arranged in a triple-helical structure. (Gly-
Pro-Hyp) is the dominating motif of amino acids in the
tropocollagen filament.53 Additionally, cOC induces epitactic
growth of OCP on HAP.32

There are various reports concerning the age-related
change of the content of tOC and the ratio of cOC and
ucOC in the serum of elderly population:

(i) increase in tOC reflects an increase in bone remodeling
rate of elderly population associated with age-related
bone loss,7

(ii) increase in ucOC caused by vitamin K deficiency in
elderly population,7

(iii) ucOC may affect more the bone quality than the bone
mineral density (BMD) in women over 60 years,7

(iv) increased content of serum ucOC is connected with an
increasing hip fracture risk.54

The “big HAP plates” shown in Figure 7A. have been
formed obviously under vitamin K deficiency. The resorption
compartment was acidified by cytoplasmic H+ ions generated
by cytoplasmic carbonic anhydrase from CO2 and H2O.

55,56

The ions were transported through the ruffled border
membrane by vacuolar H+-adenosine triphosphatase (H+-
ATPase). Under these conditions (pH about 4.5), a high
concentration of Ca2+ ions is produced by dissolution of HAP
nanocrystals in the resorption compartment. Furthermore, the
collagen filaments were at least partially degraded by the
lysosomal proteolytic enzyme cathepsin K.57 Cathepsin K is
expressed in the osteoclasts. It has to be assumed that there
was a deficit of cOC in the osteoporotic bone.
The high-resolution images of the “big HAP plate” in

Figure 7B,D and the Fast Fourier transform (FFT) image in
Figure 7C show that the “big HAP plates” are nano-
composites consisting of randomly distributed HAP nano-
crystals (characteristic size of about 3−5 nm) and a second
amorphous calcium phosphate (ACP) phase. Obviously, the
nucleation and random growth of the HAP nanoparticles are
possible due to the nonsufficient concentration of the
structure directing cOC. These nanocomposites possess a
high similarity to calcium phosphate nanophases precipitated
in supersaturated solutions with Ca2+, PO4

3−, and OH− ions
(He et al.58). In this study, He et al. have shown that HAP
nanocrystals (3−6 nm) heterogeneously nucleated on ACP.
In a further step, those nanocrystals were grown by ACP

Figure 7. (A) The surface-sensitive secondary image of scanning
electron microscopy (SEM) displays the presence of “intermediate”
HAP plates (about 500 nm x 1000 nm in size) with already
disturbed shape (marked by the arrow) in the “big plates” of HAP
shown in Figure 5. (B) High-resolution TEM image of this area, see
also region 3 of Figure 4. (C) The FFT image clearly shows the
presence of HAP and octacalcium phosphate OCP. (D) The
Fourier-filtered image shows crystalline regions with accentuated
HAP lattice visible as bright stripes. The region between the
nanocrystalline crystal plates is amorphous or strongly disturbed, see
red arrows.
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dissolution−HAP reprecipitation followed by HAP self-
assembly to a randomly aggregated nanocrystalline layer.
Such a transition of ACP to HAP nanocrystals has recently
been observed also by Montes-Hernandez and Renard.59

Similar studies with osteocalcin knockout mice (OC−/−

mice) have been performed by Moriishi et al..60 They have
shown that the deficit of cOC leads to a significant change of
the orientation of the HAP nanocrystals in the mineralized
collagen fibrils in comparison to wild-type mice. The bone
mineral density (BMD) was similar between female wild-type
and OC−/− mice throughout the length of the femur at 9
months of age. The preferential orientation degree of the
HAP c-axis, parallel to the bone longitudinal axis, was
markedly lower in OC−/− femurs than in the wild-type.
Young’s modulus positively correlated with the HAP c-axis
orientation degree, but not with BMD or the orientation of
collagen. A multiple regression analysis showed that Young’s
modulus was strongly and solely influenced by the orientation
of HAP, but not by that of collagen or BMD in male mice at
14 weeks of age.
The model of a disturbed orientation of the HAP c-axis

due to a deficit cOC along mineralized collagen fibrils has
been verified also for knockout rats by Daghma et al..61 They
have compared the structure of mineralized collagen I fibrils
in ovariectomized rats (OVX) with control rats (sham) at 16
months of age. In the selected area electron diffractogram,
the preferred orientation of the HAP crystal along the c-axis
with the corresponding (002) reflection has been measured.
Different to the well-oriented HAP crystals in the control rats
(sham), the OVX rats possessed a disoriented distribution of
the HAP nanoplatelets caused by the deficit of process-
directing cOC for their intrafibrillar nucleation. Similar results
are shown in Suppl. Fig. S5. At healthy rat bone (Figure
S5a−h), we find no degradation traces in opposite to the
osteoporotic case, where the same thinned and degraded
edge (Figures S5i,j) was observed as in the case of the human
sample (Figure 1). Also, micro-cracks appear, see overview
images Figures S5i,j at the top right and zoomed region in
Figure S5k. The more misaligned, random orientation of
apatite is demonstrated in the electron diffraction (Figure
S5l).
In the bone matrix, the “big HAP plates” can be attacked

by other osteoclasts, causing the new podosome traces visible
in Figure 5E−H. The stacks of the “big HAP plates”
represent critical defects in the osteoporotic bone. In
comparison with individual HAP nanocrystals, the stress
intensity caused by “big HAP plates” increases by a factor of
about 10 under the assumption of equal external load.
Furthermore, in the osteoporotic bone, the fracture toughness
is significantly diminished for the propagating macrocrack.
The macrocrack propagation is controlled by the crack
resistance along the interface between the mineralized
microfibrils.62,63 The stability of this extrafibrillar matrix is
governed by the disruption of calcium-mediated ionic bonds
between the long and irregular chains of carboxylated
osteocalcin cOC and osteopontin OPN molecules constitut-
ing this matrix.63 In a study using bone tissue from genetic-
deficient mice lacking cOC and/or OPN, Nikel et al. have
shown by creep and fatigue tests that, in the absence of
breakable bonds, the extrafibrillar matrix has significantly
lower capacity for energy dissipation.64 At the same system,
Poundarik et al.65 have observed that the cOC-OPN adduct
in bone allows it to resist fracture, and the loss of one or

both proteins results in a loss of fracture toughness of similar
size.
In conclusion, invasive podosomes and the enhanced

formation of ucOC in a partially degraded collagen matrix
under the conditions of a senile osteoporosis caused by
vitamin K deficiency in elderly population are essential for
defect formation in osteoporotic bone due to (i) the
accumulation of nanosized microcracks induced by the local
stress field of oscillating podosomes; (ii) the deficit of cOC,
which leads to a significant change of the orientation of the
HAP nanocrystals in the mineralized collagen fibrils; and (iii)
the accelerated growth of “big HAP plates” initiated by the
enhanced formation of ucOC.

■ CONCLUSIONS
The degradation of aged osteoporotic human trabecular bone
is caused by a lack of osteoblast cell activity and thus
unbalanced osteoclast activity, leading to depletion of the
bone structure. Our TEM and SEM analysis revealed heavy
degradation of osteoporotic bone. At high resolution, the
fragmented bone pieces show pit-like traces on the migration
path when the osteoclast has stopped bone resorption and
migrates on ECM surfaces. Such a pattern is formed when
the sealing zone has a ring-like shape. The degradation of a
flat HAP layer along the migration path results in partially
free lying collagen fibrils. Collagen fibrils disintegrate within
the massive bone pieces due to podosome activity. Instead of
collagen fibrils, a fine gelatinous network of denaturized
collagen was observed.
Free apatite nanoplatelets are formed in the degradation

zone of single podosomes. These platelets are 2−3 times
larger than expected for normal bone due to the larger
content of undercarboxylated glutamic acid residues of
osteocalcin, being responsible for accelerated platelet growth.
Eventually, several micron-sized HAP sheets are formed.
The invasive podosomes and the enhanced formation of

ucOC in a partially degraded collagen matrix under the
conditions of a senile osteoporosis caused by vitamin K
deficiency in elderly population are essential for defect
formation in osteoporotic bone due to (i) the accumulation
of nanosized microcracks induced by the local stress field of
oscillating podosomes; (ii) the deficit of cOC, which leads to
a significant change of the orientation of the HAP
nanocrystals in the mineralized collagen fibrils; and (iii) the
accelerated growth of “big HAP plates” initiated by the
enhanced formation of ucOC.

■ METHODS
Full details of the sample preparation and sample characterization
techniques used are presented in the Supporting Information.

■ ETHICAL APPROVAL AND INFORMED CONSENT
This study was performed in full compliance with the
institutional German laws. All experiments were approved by
the ethical commission of the local governmental institution
(“Regierungspras̈idium Giessen”, permit number: 89/2009).
See also the Methods section.
Due to ethical reasons, the access to healthy human bone

is restricted; thus, we could not obtain such a sample.
Nevertheless, the authors have several publications about
healthy bone of rats within the frame of the past project of a
multicenter study and part of the Collaborating Research
Center funding program SFB/Transregio 79 of the German
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Research Foundation DFG together with the Experimental
Trauma Surgery of the Justus-Liebig University, Giessen,
Germany from 2010 to 2014, see also refs 32, 61.
Furthermore, in Suppl. Fig. S5, new experimental data are
shown for healthy and ovariectomized bone of rat to evaluate
the influence of the deficit of carboxylated osteocalcin on the
degree of c-axis orientation in mineralized collagen fibrils.
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