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ABSTRACT

Growth plate cartilage (GP) serves as a dynamic site of active mineralization and offers a unique opportunity to
investigate the cell-regulated matrix mineralization process. Transmission electron microscopy (TEM) provides a
means for the direct observation of these mechanisms, offering the necessary resolution and chemical analysis
capabilities. However, as mineral crystallinity is prone to artifacts using aqueous fixation protocols, sample
preparation techniques are critical to preserve the mineralized tissue in its native form. We optimized cryo-
fixation by high-pressure freezing followed by freeze substitution in anhydrous acetone containing 0.5 % uranyl
acetate to prepare murine GP for TEM analysis. This sample preparation workflow maintains cellular and
extracellular protein structural integrity with sufficient contrast for observation and without compromising
mineral crystallinity. By employing appropriate sample preparation techniques, we were able to observe two
parallel mineralization processes driven by chondrocytes: 1) intracellular- and 2) extracellular-originating
mineralized vesicles. Both mechanisms are based on sequestering calcium phosphate (CaP) within a
membrane-limited structure, albeit originating from different compartments of the chondrocytes. In the intra-
cellular originating pathway, CaP accumulates within mitochondria as globular CaP granules, which are
incorporated into intracellular vesicles (500-1000 nm) and transported as granules to the extracellular matrix
(ECM). In contrast, membrane budding vesicles with a size of approximately 100-200 nm, filled with needle-
shaped minerals were observed only in the ECM. Both processes transport CaP to the collagenous matrix via
vesicles, they can be differentiated based on the vesicle size and mineral morphologies. Their individual
importance to the cartilage mineralization process is yet to be determined.

Statement of Significance: We do not fully understand the process by which epiphyseal cartilage mineralizes - a
vital step in endochondral bone formation. Previous work has proposed that mitochondria and intracellular
vesicles are storage sites for the delivery of mineral to collagen fibrils. However, these concepts are founded on
results from in vitro models of mineralization; no prior work has observed mineral-containing intracellular
vesicles or mitochondria in developing epiphyseal cartilage. Here we developed a new cryofixation preparation
route for transmission electron microscopy (TEM) imaging that has disclosed a cell-regulated process of
mineralization in epiphyseal cartilage. High resolution TEM images revealed an involvement of mitochondria
and intracellular and extracellular vesicles in delivering transient mineral phases to the collagen fibrils to pro-
mote cartilage mineralization.

Abbreviations: TEM, transmission electron microscope; HPF, high-pressure freezing; FS, freeze substitution; CaP, calcium phosphate; ECM, extracellular matrix.
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1. Introduction

Despite decades of research investigating long bone formation dur-
ing development, we still do not fully understand the process by which
epiphyseal cartilage mineralizes - a vital step in endochondral bone
formation. This process is essential for the formation and linear growth
of long bones, such as the tibia and femur, during which the epiphyseal
cartilage template ossifies and is replaced by bone. In the epiphyseal
growth plate (GP), chondrocytes undergo terminal differentiation and
those within the hypertrophic zone secrete a collagen-type X-rich
extracellular matrix (ECM) which is mineralized prior to its resorption
by osteoclasts. The remaining cartilage remnants act as a scaffold for
bone-forming osteoblasts which secrete a collagen type 1-rich osteoid
that is mineralized over time [1,2].

Several different mechanisms have been proposed to explain how the
calcium/phosphate (CaP) rich mineral is delivered to the collagen fibrils
within the ECM. Electron microscopy has shown that in the ECM, os-
teoblasts and chondrocytes produce matrix vesicles (MV) that bud from
the plasma membranes [3,4]. These MVs accumulate P and Ca ions and
provide a microenvironment suitable for CaP mineral nucleation [4]
which occurs through the activities of enzymes and proteins that are
membrane-bound or reside within the MV lumen [4-7]. The isolated
MVs are 100-300 nm in diameter and able to bind to the ECM via a
number of collagen-binding proteins [8,9]. Studies have suggested that
the first mineral formed in MVs is a highly transient amorphous calcium
phosphate (ACP) [10], which is released from the MVs and deposited
within the gap regions of collagen fibrils, where it transforms into
crystalline needles or plates of CaP [11]. The infiltration of the ACP into
the collagen has been proposed to be mediated by interactions between
non-collagenous proteins and the gap regions in the fibrils. Once the
amorphous phase is inside the collagen, it nucleates into hydroxyapatite
[12,13]. A more recent and alternative hypothesis to explain collagen
fibril mineralization involves the sequestration of CaP inside intracel-
lular vesicles and mitochondria of both osteoblasts and chondrocytes
[14-16]. Mitochondria are required for oxidative phosphorylation but
they have many other functions, including the ability to take up and
store calcium [17]. Transmission electron microscopy (TEM) of cultured
osteoblasts has shown that mitochondria containing CaP granules fuse
with neighboring vesicles, suggesting that they store CaP for subsequent
transportation — via intra then extracellular vesicles - to the collagenous
ECM [14,18]. However, these concepts are founded on results from in
vitro models of mineralization [14], mineralization of zebrafish fin rays
[15] and mouse parietal bone [16]. No prior work has observed
mineral-containing intracellular vesicles, mitochondria or vesicles
delivering ACP from inside the cells to the ECM to mineralise the
collagen in developing epiphyseal cartilage. The identification of intra-
cellular trafficking of mineral within the chondrocytes of the growth
plate will enhance our understanding of cartilage matrix mineralisation
and the endochondral ossification process. The form in which the min-
eral is delivered from the vesicles to the collagen fibrils remains unclear.

To enable the observation of these mineralization steps, sample
preparation requires optimization to preserve both the mineral compo-
sition/crystallinity and cellular structure. In particular, the ACP phase
will undergo a transformation into thermodynamically stable crystalline
hydroxyapatite in a physiological solution [19]. This phenomenon has
been documented when aqueous fixatives during sample preparation
were used [20]. Conventional chemical fixation can also distort the ul-
trastructure of the cartilage matrix and create shrunken chondrocytes
[2,21].

High-pressure freezing (HPF) followed by freeze substitution (FS), is
the gold standard technique to preserve cartilage structure in its hy-
drated near-native state [22,23]. HPF omits the use of conventional
chemical fixatives by rapidly freezing the sample under pressures of
approximately 2000 bars [24,25]. Samples are fixed within a few mil-
liseconds which is sufficient to capture short-lived biological events and
structural preservation of the molecular structures within the tissues is
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improved [26]. After the HPF process, vitrified ice is replaced with
solvents containing fixatives and staining agents, i.e. glutaraldehyde,
osmium tetroxide, tannic acid, and uranyl acetate. This substitution
process is performed at low temperatures, at which the fixatives are less
active and molecular and ionic movements are significantly reduced
[27-30]. 1-5 % water is normally added to the FS solution to improve
membrane contrast. Walther and Ziegler [31], but the introduction of
this small amount of water, either intentionally or unintentionally from
fixative stocks, may change the crystallinity and structure of the mineral
in the sample during several hours of the FS process [20].

Previous studies have focused on optimizing protocols for HPF-FS
that preserve the mineralized ultrastructure but protocols to preserve,
simultaneously, the mineral crystallinity, or distribution of Ca and P ions
— a necessary requirement to characterize the mineralizing cartilage in
its near-native state, have been neglected [32,33]. Therefore, the aim of
this study was to develop a new and robust sample preparation work-
flow to process murine GP cartilage and adjacent bone to preserve
resident cell ultrastructure, ECM proteins, and the composition and
crystallinity of the mineral. To do this, we have compared the ultra-
structure of GP prepared by different methods to determine the opti-
mized preparation workflow for the GP.

This protocol has enabled direct observations linking intracellular
CaP deposits with the extracellular mineralization processes including
the involvement of intra- and extra-cellular vesicles in delivering tran-
sient CaP phases to promote collagen mineralization in the epiphyseal
GP, during the early stages of postnatal, skeletal development.

2. Materials and methods
2.1. Sample preparation for TEM

Long bones (femur and tibia) were collected from 2- and 7- day-old
CD1 and C57BL/6 mice immediately after sacrifice. The mice were
maintained in accordance with the Home Office code of practice (for the
housing and care of animals bred, supplied or used for scientific pur-
poses). Day 2 and day 7 time points were selected to explore potential
differences in cell-mediated mineralization in primary (which occurs at
embryonic day16, E16) and secondary (which occurs by day 7 postnatal)
centres of ossification. Long bones from CD1 wild-type mice were uti-
lized in the sample preparation optimization studies, whereas long
bones from C57BL/6 mice were employed in the mineralization study. It
is important to note that ECM mineralization is a conserved process
among vertebrates, and there are unlikely to be no discernible differ-
ences observed between these two mouse strains.

Samples were divided into 3 groups to examine the effectiveness of
aqueous fixation and/or HPF to preserve cell and ECM ultrastructure
and the composition and crystallinity of the mineral (Fig. 1).

Aqueous fixation prior to HPF. Dissected bones were fixed in Kar-
novsky solution (2 % formaldehyde and 2.5 % glutaraldehyde in 0.1 M
PIPES) for 30 mins prior to vibratome sectioning. Sections were sub-
jected to HPF and FS in acetone containing 1 % osmium tetroxide, 0.5 %
uranyl acetate (UA), and 6 % water. Samples were held at —90 °C for 48
hrs, warmed up to —45 °C at the rate of 3.5 °C/hr, and held for 5 hrs,
before warming to 0 °C. The samples were washed with cold acetone and
progressively infiltrated by Epon 812 (Electron microscopy Sciences,
Hatfield, PA, USA) at room temperature, and finally cured at 60 °C.

HPF without aqueous pre-fixation. Dissected bones were vibratome
sectioned and subjected to HPF within 30 min of mouse sacrifice. The
samples were then substituted in FS medium containing 0.5 % UA in
acetone. The amount of water varied from completely anhydrous, to 1
%, and 6 % to understand the influence of water on tissue structure. The
samples were held at -90 °C for 48 hrs and brought to —45 °C at 3.5 °C/
hr. The samples were held again at —45 °C for 5 hrs, all washing was
carried out at —45 °C. The samples were infiltrated in Low acryl HM20
resin (Agar Scientific, Essex, UK) while bringing the temperature up to
—25 °C and cured under UV light at —25 °C for 48 hrs.
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Fig. 1. Summary of the sample processing routes used to prepare the growth plate cartilage for transmission electron microscopy. The three different methods
compared were 1) pre-chemical fixation followed by HPF-FS, 2) HPF-FS with varied % water and 3) chemical fixation.

Aqueous fixation only. Dissected bones were cut into half longitudi-
nally and fixed in Karnovsky solution in 0.1 M PIPES buffer for 4 hrs at 4
°C and post-fixed in 1 % osmium tetroxide in 0.1 M PIPES buffer at room
temperature for 1 hr, and dehydrated in a graded ethanol series from 50
%, 70 %, 90 %, and absolute ethanol. The tissues were progressively
infiltrated with Epon 812 resin and polymerized at 60 °C.

2.2. Vibratome sectioning and high-pressure freezing

The bones were longitudinally sectioned to 180 ym using a Vibra-
tome (Leica VT1200). For those destined for HPF, sections containing GP
cartilage and adjacent metaphyseal bone were placed onto 6 mm plan-
chets coated with hexadecane. The planchets were filled with 20 %
dextran in 0.1 M Piperazine-N,N’-bis(2-ethanesulfonic acid). The sec-
tions were HPF at 2100 bar (Leica EM ICE).

2.3. Sectioning and microscopy

Resin-embedded tissues were sectioned to a thickness of 70 nm using
an ultramicrotome (Leica EM UC7). The sections were collected on
formvar coated slots and 3 mm copper grids without post-staining for
TEM imaging and analysis. Bright-field TEM images were acquired on a
JEOL 1400, operated at 80kV. Selected area electron diffraction (SAED),
scanning transmission electron microscopy (STEM) (STEM) and electron
dispersive x-ray spectroscopy (EDS) were performed on a JEOL
2100F200, operated at 200 kV. The samples were obtained from 2 mice
per age group. High-angle annular dark field (HAADF)- STEM and EDS
were performed on JEOL ARM200CF, operating at 200 kV.

3. Results
3.1. Optimization of a sample preparation protocol

We first compared the quality of preservation between GP cartilage
prepared by conventional chemical fixation or HPF-FS with and without
prior chemical fixation and with the inclusion of 0, 1, or 6 % water
content. The pre-fixed HPF-FS sections exhibited a loss of membrane
visibility (Fig.2a-c), while other structures including the nucleus,
intracellular proteins, and collagenous matrix and macromolecules were
well stained for contrast (Fig 2a—c). In Fig 2, the nucleus, and ribosomes
on the endoplasmic reticulum were visible, but the lipid membranes that
constituted the organelles were not visible. The empty spheres in Fig 2b
and c (arrows) are probably mitochondria with no visible inner and
outer membranes. Stained collagen fibrils were observed adjacent to the
cellular region and calcified ECM was present in the vicinity (Fig 2c).
However, intracellular mineral was rarely observed (Fig. 2b, dash
arrows).

In GP cartilage that had been HPF (without pre-fixation) and FS in

151

medium that contained 0 % (anhydrous), 1 % or 6 % water, the intra-
cellular organelles (including the nucleus, Golgi body, endoplasmic re-
ticulum and mitochondria), and ECM were well preserved with no
evidence of ice crystal damage (Fig. 2e, i and m). The cartilage matrix
proteins of the growth plate were well preserved and displayed no
notable differences between the HPF sample prepared with varying
amounts of water in the FS protocol (Fig. 2f, j, k and n). The tissue
prepared using the anhydrous FS medium had sufficient contrast for
observation, with lipid membranes and matrix proteins/macromole-
cules clearly visible. The addition of water, either 1 % or 6 % in the FS
medium, demonstrated comparable contrast of membranes, cell organ-
elles, and the ECM (Fig. 2e-p).

Electron-dense granules were observed intracellularly inside some
mitochondria (Fig. 2g, j, k and o) and at higher magnification, the
granular structure was not observed in prefixed-HPS samples (Fig. 2b
and c). All preparations exhibited similar extracellular mineral clusters
within the cartilage matrix which was comprised of needle-shaped
minerals Fig.2d, h, 1 and p).

The ultrastructure of the GP prepared by conventional room tem-
perature chemical fixation was not fully preserved (Fig.3). Some re-
gions, particularly mineralized regions, were poorly infiltrated,
resulting in ripped holes from sectioning. The chondrocytes appeared
shrunken and densely stained which was also found in previous studies
[34].

All images shown are from 2-day-old mice but the cellular
morphology and localization of electron-dense granules within mito-
chondria were similar in the various preparations of the older 7-day-old
mice.

3.2. Chondrocyte-regulated mineralization

We next investigated, in detail, the early mineralization stages of the
endochondral ossification process using the anhydrous HPF-FS protocol
as described in the previous section. This protocol provided sufficient
membrane and organelle contrast and avoided the risk of any alterations
of minerals in terms of both artifactual crystallinity [20] and
mineral-granule dissolution. Mice aged 2 days and 7 days postnatal were
selected for this study, representing active stages of mineralized tissue
formation.

Longitudinal sections of long bone from 2- and 7-days old mice are
shown in supplementary Fig.1. The ultrastructure of cells and matrix for
both GP and bone are preserved and stained as described in Section 1.
Bright-field TEM images demonstrated columns of proliferative chon-
drocytes and the mineralization of the ECM associated with hypertro-
phic chondrocytes (supplementary Fig.1a). By day 7, the secondary
ossification center had developed in the epiphysis (supplementary
Fig.1b). Fig.4a and b show chondrocytes in GP cartilage of 2-day old
mice. Chondrocytes in the proliferative and hypertrophic zones
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Fig. 2. a-d) Bright-field TEM images taken from day 2 postnatal mouse tissue showing chondrocytes in dissected growth plate cartilage prepared by prefixation using
the Karnovsky protocol, and HPF-FS using a 1 % osmium tetroxide, 0.5 % uranyl acetate and 6 % water in acetone solution. a) Chondrocytes within the cartilage
matrix, b) Chondrocyte containing intracellular mineral (dash arrows) adjacent to the calcified matrix, ¢) High magnification image of (b; box) showing that the
plasma membrane exhibits a very faint contrast and very poor structural preservation of the mitochondria (arrows) and ER membranes (arrows). d) Cluster of needle
shape mineral deposits in extracellular matrix. Scale bar = 500 nm. e-h) Bright-field TEM images taken from day 2 postnatal mouse tissue showing the ultrastructure
of growth plate cartilage prepared by HPF- FS using anhydrous acetone with 0.5 % uranyl acetate. ) Chondrocyte embedded in the cartilage matrix, f) Part of a
chondrocyte (left) with its intracellular vesicles (V) organelles and clear structural definition of the plasma membrane adjacent to cartilage matrix (right) showing
fine structure of collagenous network, g) Mitochondria containing electron-dense granules (arrows) next to the endoplasmic reticulum, h) Mineral deposits in the
extracellular matrix. Scale bar = 500 nm. i-1) Bright-field TEM images taken from day 2 postnatal mouse tissue showing the ultrastructure of growth plate cartilage
prepared by HPF-FS in anhydrous acetone with 0.5 % uranyl acetate and 1 % water. i) Array of chondrocytes embedded cartilage matrix, j and k) Part of a
chondrocyte (left) with its intracellular cellular organelles and mitochondria containing electron-dense granules (arrows), adjacent to the collagenous cartilage
matrix. 1) Needle-shaped mineral deposits in the cartilage matrix. Scale bar = 500 nm. m-p) Bright-field TEM images taken from day 2 postnatal mouse tissue
showing the ultrastructure of growth plate cartilage prepared by HPF- FS in anhydrous acetone with 0.5 % uranyl acetate and 6 % water. m) Chondrocytes in the
growth plate cartilage, n) Part of a chondrocyte showing intracellular organelles (left) and adjacent cartilage matrix (right; ECM), o) Mitochondria in chondrocytes
(left and right) containing electron-dense granules (arrows), p) Clusters of needle shape mineral (M) in the cartilage matrix (ECM). N= nucleus, ECM= extracellular
matrix, MT=mitochondria, V=vesicle, M= mineral deposits. Scale bar = 500 nm.

contained electron-dense granules within mitochondria (Fig 4a and b, indicating a calcified “crust” of material encasing these ring-like
arrows) and in intracellular vesicles with a diameter of 0.5-1 um structures.

(Fig. 4d). Similar sized vesicles containing several granules were By day 7, intracellular mineral granules were also seen within
observed within the ECM adjacent to the chondrocytes (Fig.4c, arrows), chondrocytes but in addition to these, smaller empty vesicles (100-200
while a lower contrast vesicle adjacent to collagen fibrils contained only nm in diameter) budding from the plasma membrane of the chon-
individual electron-dense granules (Fig. 4c, box). These nanosized drocytes were noted (Fig. 6a—c). Furthermore, we observed similar sized
globular granules were also observed on collagen fibrils together with globular clusters of needle-like mineral crystals in the chondrocyte ECM
needle-shaped crystals (Fig. 4e, arrows). Chondrocytes in the calcified (Fig.7) and also associated with the collagen matrix in the calcified zone
hypertrophic zone also contained these intracellular electron-dense (Fig. 6d). These were observed in both day 2 and 7 samples. These
granules (Fig. 4f). Chemical analysis by EDS confirmed the presence of structures had a similar size, which matched the size of MVs [4,35] and
Ca and P in the intracellular and collagen fibril-associated electron- were filled with Ca and P (Supplementary Fig. 3). SAED from minerals
dense granules (Fig.5a—c). Hollow, ring-like structures were frequently within these MVs displayed a weak diffuse ring pattern, which indicates
observed by HAADF-STEM in the region between the chondrocytes and that the mineral has a short to medium-range order (Fig. 7). The mineral
the ECM (Fig. 5d). EDS maps confirmed these structures were composed crystals were needle-shaped and mineral foci were associated with the

of calcium and phosphorus (Fig.5d and supplementary Fig. 2), type II collagen-rich matrix of cartilage (Fig 8a and b) whereas in the
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Fig. 3. Bright-field TEM images taken from day 2 postnatal mouse tissue showing the ultrastructure of chemically fixed growth plate.

a) Chondrocytes in the

extracellular matrix, b) Cellular organelles, c¢) Cartilage matrix, d) Chondrocytes in lacunae, e) Shrunken and damaged mitochondria (arrows) inside a chondrocyte, f)
Mineralized matrix. C-chondrocyte, N-nucleus, endoplasmic reticulum -ER, mitochondria - MT, ECM- extracellular matrix, M - mineral deposit.

Fig. 4. Bright-field TEM images taken from day 2 postnatal mouse tissue showing a) Chondrocytes in cartilage matrix (ECM) containing mitochondria with electron-
dense granules (arrows), b) Electron dense granules in mitochondria (arrows) near ER, c¢) Extracellular vesicle containing electron dense granules (arrows), and top
right; vesicle with a granule inside next to another 2 empty vesicles nearby (box), d) Electron-dense granules inside intracellular vesicles (arrows) with 2 different
matrix densities, e) Electron-dense granules on collagen fibrils (arrows) among deposits of mineral crystals (dashed arrows), f) Larger calcified cartilage matrix (M)

adjacent to the chondrocyte that contains intracellular granules (arrows).

metaphyseal bone the mineral crystals were aligned along the collagen
type 1 fibrils (Fig 8c and d). In addition, we observed a sac-like structure
among clusters of needle-shaped minerals in STEM mode (Fig. 9, ar-
rows). This structure was filled with PO (Fig. 9a), which suggests that it
may be composed of a lipid membrane. Additionally, the results from
both Day 2 and Day 7 indicate that chondrocytes contribute to cartilage
mineralization using similar organelles at both time points.
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4. Discussion

This lack of clarity on the process by which collagen fibrils miner-
alize is a consequence of sample preparation protocols that have not
been optimized to simultaneously preserve both mineral composition/
crystallinity and tissue structure. Prior reports are also vague about
whether they introduce water into the tissues during sample fixation and
processing. Water is introduced to assist with fixation and contrast
staining of cell organelles/collagen fibrils for TEM, but it will
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Fig. 5. Dark-field STEM images and EDS compositional mapping taken from day 2 postnatal mice tissue showing a) Intracellular vesicle that contain electron-dense
granules (arrows), b) electron-dense granule on collagen fibrils (arrow). N = nucleus, V= intracellular vesicle, Col = collagen fibrils. EDS spectra taken from the
marked granules show Ca and P in both intracellular and extracellular granules. c¢) Dark-field STEM image of mitochondria in a chondrocyte that contains electron
dense granules (arrows) and elemental mapping confirming a presence of Ca, P and O in those granules. d) Dark-field STEM image of extracellular rings (arrows) of
minerals outside the chondrocytes and near the mineralized region (M), and P, Ca, and O elemental maps of the boxed area.

redistribute the mineral/ions and change their structure and crystal-
linity making the results liable to misinterpretation [20]. Fixing samples
before HPF is often employed to reduce morphological artifacts due to
necrosis of samples that require a long dissection period. Our results
indicated that the GP which was prefixed before HPF-FS lost membrane
visibility, and the addition of water in the FS medium did not recover the
contrast (Fig.2). One previous study showed the ultrastructure of cells
with reverse contrast of nuclear and mitochondria membranes of human
skin. The skin was prepared by fixing in 2.5 % glutaraldehyde at 4 °C
overnight before rapid freezing and FS in acetone with 2 % osmium
tetroxide, followed by room temperature embedding [36]. Conversely,
other studies demonstrated preserved and visible membrane structures.
As an example, a wool follicle was prefixed before HPF-FS (in acetone
with 2 % osmium tetroxide, 1 % glutaraldehyde, and 10 % of water),
resulting in a good membrane contrast [26]. The majority of previous
studies focused on cryo-fixation of cultured cells, and therefore the
pre-fixing step prior to freezing was not required. The cause of chon-
drocyte membrane contrast loss in prefixed GP remains inconclusive, i.e.
whether it is attributed solely to prefixation, or if it is in combination
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with other parameters.

All the GP prepared by HPF-FS without prefixation step were well
preserved; there were no signs of artifacts of ultrastructure nor shrinkage
of chondrocytes. All the cartilage matrices appeared as a fine network of
collagen, with no difference in terms of preservation of cell ultrastruc-
ture in the samples prepared with variable amounts of water (0, 1 or 6
%). The addition of water into FS has been suggested to enhance staining
contrast of organic materials. Previous work demonstrated that the
addition of 5 % water improved membrane contrast of yeast cells when
compared to water-free FS medium [31]. In pancreatic tissue, 1 % water
in acetone containing osmium tetroxide was sufficient to enhance
membrane visibility compared to the anhydrous FS condition [31].

In chemical fixed samples, the cartilage matrix which comprises type
IT collagen, proteoglycan, and macromolecules lacked a distinct struc-
ture (Fig.3). This is similar to a previous study showing that chemical
fixation by an aldehyde-based medium led to a distortion of the mac-
romolecules [22]. It is also difficult to avoid artifacts during dehydration
and the subsequent embedding steps. For example, the use of an initial
40 % ethanol for dehydration causes cartilage swelling, although this
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Fig. 6. Bright field TEM images of day 7 postnatal mouse tissue showing (a)
Vesicles 100 nm in diameter budding from the plasma membrane of chon-
drocytes (arrows), b and c¢) Higher magnification images of 100 nm diameter
extracellular vesicles budding from chondrocyte membrane, d) Globular min-
eral cluster with a size of 100 nm associated with collagen fibrils.

Fig. 7. a and b) Confined globular minerals with size ranges between 100 and
150 nm in ECM, insets are diffraction patterns obtained from marked areas
(arrow) in a and b, taken from the samples of day 2 postnatal mice.

might be avoided by an initial dehydration in 70 % ethanol [21]. If the
cartilage is mechanically compressed during its excision, reswelling
cannot be avoided even with initial dehydration in 100 % ethanol [37].
In summary, the GP prepared by HPF without a pre-fixation step and
anhydrous FS medium-acetone with 0.5 % UA is well preserved. The
omission of water did not yield any adverse effect on contrast staining.

The literature on cartilage matrix mineralization has not advanced
significantly since the initial observations by Anderson and Bonucci in
the late 1960s where they proposed that MVs bud of from the chon-
drocyte plasma membrane and sequester mineral. Our study of miner-
alization in GP cartilage/bone demonstrated the presence of two
pathways that potentially contributed to cartilage mineralization by
chondrocytes: i) intracellular-originating and ii) extracellular-
originating pathways. For the intracellular originating pathway, CaP
granules were observed inside mitochondria and intracellular vesicles
within proliferative and hypertrophic chondrocytes. The occurrence of
CaP granules inside the mitochondria has been reported in previous
mineralization studies [14,18,38]. These intramitochondrial granules
are believed to form as an ACP complex [39]. Several studies have
shown that both endoplasmic reticulum and mitochondria of
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Fig. 8. Bright field TEM images showing mineral deposits in the ECM of
cartilage and adjacent bone taken from day 7 postnatal mice tissue. a - b)
Mineral associated with type II collagen and proteoglycan network in growth
plate cartilage. ¢ - d) Mineral associated with type I collagen in bone.

mineralizing cells contained elevated levels of calcium ions [40,41]. The
origin of intra-mitochondrial CaP is proposed to originate from endo-
plasmic reticulum and be transported in the form of either ion or CaP
clusters to the mitochondria [16]. This was demonstrated by HAADF -
STEM combined with EDS of embryonic parietal bone of C57BL/6 mice
[16]. Another study employing live cell imaging with fluorescent
staining demonstrated a co-localization of lysozyme with intracellular
CaP vesicles in KUSA-A1 mouse osteoblastic cells [38]. Others have
proposed that the CaP-containing intracellular vesicles found in human
dental pulp stem cells are autophagosomes [18]. CaP granules inside
mitochondria may be transported to intracellular vesicles by a process of
mitophagy (autophagy of mitochondria), in which damaged mitochon-
dria are engulfed by phagosomes, later fusing with lysosomes and
eventually extracellularly transported via exocytosis [18]. This is
believed to be part of a cell-regulated mineralization process as inhibi-
tion of mitophagy has been shown to result in a reduction of osteo-
genesis [18], and treatment of KUSSA-A1 osteoblast cells by endosidin 2
(lysosomal exocytosis inhibitor) or vacuolin-1 (exocytosis inhibitor)
resulted in intracellular accumulation of CaP with little or no exocytosis
[38].

Here we present supporting evidence suggesting that CaP granules
are transported from cells to the ECM in intact vesicles; possibly phag-
osomes (Fig. 4c). The intracellular-originating vesicles with a size of
approximately 0.5-1 um are relatively large when compared to the MVs.
These intracellular-originating vesicles are filled with spherical CaP
granules, which are later transferred to collagen fibrils in the ECM
(Fig. 4b). This evidence could suggest that these 0.5-1 um vesicles which
originated intracellularly may act as a carrier to transport CaP granules
from the mitochondria to the collagen matrix. However, how these
nanogranules are released from the intracellular-originating vesicles to
collagen fibrils remains unclear. The images shown in Fig.4c and e might
suggest how they transport from the vesicles, and transfer to the
collagen matrix. However, TEM-based techniques provide only snap-
shots of various stages of the mineralization process. Consequently,
these images represent isolated events, rather than a continuous
sequence of biological events. As a result, there is no dynamic under-
standing of the mechanisms underlying biomineralization.

In addition, we also observed the budding of vesicles (with a size of
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Fig. 9. a) Dark-field STEM image taken from day 2 postnatal mouse GP and corresponding Ca, P and O EDS elemental maps of the region marked in the orange box
showing the colocation of Ca, P, and O on the collagen matrix. Clusters of needle-shaped dense material (yellow arrows) contain both Ca and P, while more diffuse
vesicle-like structures (red arrows) contain P and O. b) Higher magnification bright-field TEM image of the boxed region in a, showing clusters of needle shape

mineral clusters (yellow arrows) within the vesicle-like structure.

100-200 nm) from the plasma membrane of GP chondrocytes which
resemble the MV first described in the 1960s [42,43]. The subsequent
mineralization of these MVs may be through the activities of phospha-
tases and annexins as previously suggested [6]. The vesicle membrane
may rupture (Fig. 9) and release the mineral crystals into the extracel-
lular space and onto the collagen fibrils, as observed as globular mineral
foci on collagen fibrils (Figs. 6d, 7a-b, 8b-c, and supplementary fig. 3).
Notably, we also observed hollow, ring-like CaP structures outside the
chondrocytes and near the mineralized region (Fig. 5d). To our knowl-
edge these structures have not been observed previously but could be a
snapshot of extracellular vesicles off-loading their mineral cargo. Both
cell-regulated mechanisms reported in this study involve sequestering
CaP inside membrane-bound vesicles. The vesicles, however have
different origins, sizes, and mechanisms by which they acquire CaP and
contain different types of mineral morphology and crystallinity. These
observations support a theory that there are two routes by which
chondrocytes mineralize their surrounding matrix in epiphyseal carti-
lage at the growth plate and provide fresh insight into the endochondral
ossification process.

It has long been recognised that the vertically orientated longitudinal
septa, and not the transverse septa, of the growth plate are mineralised
[3]. Accordingly, MVs have been shown to arise by budding off from the
lateral surfaces of the chondrocytes juxtaposed to the longitudinal septal
matrix [3,44,45]. This intimate association of MVs with the longitudinal
septa suggests an element of polarity in the secretion MVs from the
chondrocyte and therefore this must also be the case for intracellular
vesicles if they also contribute to the mineralisation of the longitudinal
septal matrix. It is noteworthy that similar polarity also exists in oste-
oblasts where MVs arise from the basal plasma membrane adjacent to
the newly formed osteoid [46].

5. Conclusions

Here, we present evidence of how chondrocytes contribute to bone
mineralization using TEM and STEM by using appropriate sample
preparation techniques. Two parallel mineralization processes driven by
chondrocytes were observed including: 1) intracellular- and 2)
extracellular-originating mineralized vesicles. This intracellular route
for the delivery of CaP mineral has not been previously recognized in
epiphyseal cartilage but its identification here suggests a novel miner-
alisation process that is in addition to MVs which are believed to form by
an ectosomal/microvesicles budding mechanism. This knowledge of an
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alternative intracellular mineralisation route now needs to be extended
to fully understand how the mineral is trafficked from the mitochondria
to the vesicles and out into the ECM. Furthermore, the requirement for
phosphatases such as TNAP and PHOSPHO1, widely recognized to be
essential for bone and cartilage mineralisation, for the formation of the
intracellular mineral are unclear and requires further investigation.

Here we developed a new cryofixation preparation route for TEM
imaging that has disclosed a cell-regulated process of mineralization in
epiphyseal cartilage. The notable advantage of the HPF-FS techniques
was its ability to preserve tissue in a near-native state in combination
with plastic embedding. This makes the sample tolerant to the electron
dose, enabling application of analytical techniques downstream in the
workflow. High resolution TEM images revealed an involvement of
mitochondria and intracellular and extracellular vesicles in delivering
transient mineral phases to the collagen fibrils to promote cartilage
mineralization in developing epiphyseal cartilage. The protocols
developed will benefit skeletal research, providing an improved un-
derstanding of bone mineralization. The techniques could be adapted in
to understanding of the cell based origins of pathological mineralization
in soft tissues such as cardiovascular, ocular, brain, and smooth muscle.
For example, they could be adapted to determine if the trans-
differentiation of vascular smooth muscles into an osteogenic phenotype
during vascular calcification is associated with both the intracellular and
extracellular mineralisation routes. A better understanding of the skel-
etal cellular mineralisation mechanisms should also guide tissue engi-
neering approaches for restoring bone or pharmaceutical interventions
for encouraging bone formation.
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