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ARTICLE INFO ABSTRACT

Keywords: Despite considerable progress, the underlying mechanisms that enable scar-free regeneration in bone after injury
Bone healing ) are still not well understood. Here, we compared the spatiotemporal distribution of SOX9-positive chondrocytes,
Chondrogenesis SPARC-positive hypertrophic chondrocytes and osteoblasts, versus Osterix-positive osteoblasts, i.e. key cell types
Vascularization . . . . .

: in cartilage and bone formation, in the fracture gap of a mouse osteotomy model with the orderly sequence of
Mechanobiology

events observed in the growth plate. We show that external mechanical stability determines the spatial distri-
bution of osteoblastic and chondrogenic cell populations at day 7, thus defining the site of chondrogenesis
initiation. At day 14, only rigid, but not semi-rigid fixation promoted the formation of avascular regions within
previously vascularized areas. We thus propose a model how mechanical stabilization promotes bone healing:
Blood vessel growth into the hematoma is followed by localized vascular degradation as chondrogenesis pro-
gresses, ultimately leading to vascular regrowth via endochondral ossification initiated at the tips of the distal
bones. Deepening our understanding of these processes and how they ultimately relate to scar-free bone
regeneration is of significant medical relevance as they can provide instructions how to promote fracture healing.

1. Introduction

Endochondral ossification follows a linear sequence of cellular dif-
ferentiation events at the growth plate during bone growth. The resting
zone, positioned at the top of the growth plate near the epiphysis,
functions as a niche for skeletal stem cells [1,2]. It transitions into the
proliferative zone, where chondrocytes organize into columns, aligning
parallel to the long bone's longitudinal axis [3-5]. The process is highly
organized: proliferating chondrocytes polarize perpendicular to the long
bone axis [6], then enlarge as oxygen levels decline, ultimately reaching
their maximum size in the hypertrophic zone [7]. Contrary to previous
beliefs that hypertrophic chondrocytes undergo apoptosis, recent data
showed that hypertrophic chondrocytes have the ability to trans-
differentiate into osteoblasts, thereby initiating the process of endo-
chondral bone formation [8-11]. Throughout these well-orchestrated

stages, chondrocytes exhibit a distinct pattern of extracellular matrix
(ECM) secretion that changes with their stage of maturation. While
chondrocytes synthesize collagen II, with the highest expression
observed in the lower proliferative and pre-hypertrophic zones [12],
chondrocytes in the terminal hypertrophic zone situated near the met-
aphysis deposit collagen X [13].

Besides facilitating longitudinal growth in long bones at the growth
plate, endochondral ossification also occurs during bone fracture heal-
ing, which typically proceeds through a cartilaginous phase [14].
However, while endochondral ossification at the growth plate pro-
gresses within a highly organized cartilage template established during
skeletal development, fracture healing begins within a hematoma
populated by inflammatory cells and a heterogeneous mix of progenitor
cells. Before endochondral ossification can begin within the fracture
gap, the hematoma must undergo a complex remodeling process

* Correspondence to: G. Duda, Julius Wolff Institute and Berlin Institute of Health Center for Regenerative Therapies, Berlin Institute of Health at Charité -

Universitatsmedizin Berlin, Berlin 13353, Germany.

** Correspondence to: V. Vogel, Laboratory of Applied Mechanobiology, Department of Health Sciences and Technology, ETH Zurich, Zurich 8006, Switzerland.
E-mail addresses: georg.duda@charite.de (G.N. Duda), viola.vogel@hest.ethz.ch (V. Vogel).

https://doi.org/10.1016/j.bone.2025.117595

Received 25 May 2025; Received in revised form 16 July 2025; Accepted 16 July 2025

Available online 29 July 2025

8756-3282/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:georg.duda@charite.de
mailto:viola.vogel@hest.ethz.ch
www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2025.117595
https://doi.org/10.1016/j.bone.2025.117595
http://creativecommons.org/licenses/by/4.0/

J. Mehl et al.

characterized by inflammatory resolution, vascular invasion, and matrix
reorganization, ultimately leading to cartilage and bone formation. A
critical step in this remodeling is the invasion of blood vessels into the
hematoma, which occurs alongside the pro-inflammatory and anti-
inflammatory phases of healing [14]. Angiogenesis during fracture
repair is highly mechanosensitive, with vascular sprouting into the he-
matoma strongly influenced by physical and mechanical cues [15-18].
Notably, the mechanical stability of fracture fixation exerts a greater
influence on vascular self-organization than endothelial mechano-
transduction processes mediated by the mechanosensitive transcrip-
tional co-activators YAP and TAZ [19]. While vascular patterning within
the fracture gap, directed by external mechanical stability, plays a
crucial role in shaping the local microenvironment, it remains unclear
how vascular organization influences the differentiation of competing
cell populations and, consequently, the spatial patterning of cell pop-
ulations during fracture repair. In addition to guiding vascular
patterning, mechanical stability is well established as a major determi-
nant of the overall rate of fracture healing, beginning from the earliest
stages of repair [20,21]. Insufficient mechanical stability can substan-
tially delay or impair healing and, in severe cases, result in non-union
[22,23]. Although increased interfragmentary movement is known to
promote enhanced cartilage formation during repair [21,24], it remains
unknown how mechanical stability influences the spatial initiation of
chondrogenesis within the fracture gap. Furthermore, the mechanisms
regulating spatiotemporal vascularization and its connection to chon-
drogenesis and subsequent endochondral ossification during fracture
healing remain poorly understood.

The key transcription factors regulating chondrogenesis and ossifi-
cation are Sry-related HMG-box 9 (SOX9) and Osterix (OSX), respec-
tively. Together with its co-factors, SOX9 is essential for chondrocyte
lineage specification [25,26], promotes collagen II expression [27], and
suppresses cartilage vascularization [28]. As cartilage transitions to
hypertrophy, the fraction of cells expressing SOX9 diminishes [28], and
chondrocytes shift toward a pro-angiogenic state. This triggers the in-
vasion of blood vessels at the cartilage-bone interface and facilitates the
recruitment of OSX-expressing cells. OSX, in cooperation with runt-
related transcription factor 2 (RUNX2), activates Colla2 gene expres-
sion and drives osteoblast differentiation and bone formation by binding
to osteoblast-specific gene promoters [29,30]. Importantly, SOX9
expression is regulated by hypoxia-inducible factor 1-alpha (HIFla),
leading to its upregulation in hypoxic regions [31], whereas OSX
expression is closely associated with blood vessels and oxygen-rich en-
vironments [32,33]. While chondrocytes near the cartilage-bone inter-
face downregulate SOX9 expression and transition from a proliferative
to a hypertrophic state, they begin secreting the matricellular protein
secreted protein acidic and rich in cysteine (SPARC), also known as
osteonectin [34]. In addition to its expression in hypertrophic chon-
drocytes, SPARC is also expressed by osteoblasts, where it plays a critical
role in bone maturation and mineralization by strongly binding to
collagen I, hydroxyapatite, and other fibrillar collagens, including types
I1, I11, and V [35-40]. While the sequential appearance and regulation of
these markers during endochondral ossification at the growth plate are
well characterized and highly structured, their temporal and spatial
expression during fracture healing remains poorly understood.

In this study, we thus analyzed the spatiotemporal evolution of pre-
chondrocyte and pre-osteoblast cell populations within the fracture
callus and examined how their distribution correlates with local
vascularization under varying mechanical stability conditions. Using a
mouse osteotomy model, we selected two healing time points - day 7 and
day 14 - to specifically capture the emergence of chondrogenic and
osteoblastic cell populations (day 7) and the onset of endochondral bone
formation (day 14), before the callus becomes predominantly remodeled
into bone at later stages. To exploit our cellular markers as sensors to
report on specific biochemical and biophysical niche properties in the
fracture gap, we used the well-characterized and highly organized
process of endochondral ossification in the growth plate as a reference.
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We stained for the transcription factor SOX9 to identify early chon-
drocyte differentiation and for the transcription factor OSX to detect pre-
osteoblastic cells. Since SOX9 is no longer expressed by terminal hy-
pertrophic chondrocytes, we additionally stained for the matricellular
protein SPARC, which is expressed by both hypertrophic chondrocytes
and osteoblasts [34,41], to specifically detect hypertrophic chon-
drocytes, particularly during the later stages of healing. To assess
vascularization, we utilized the endothelial surface markers Endomucin
(EMCN) and CD31, noting that CD31 is also expressed by platelets and
monocytes [42,43]. Collagen fibers were visualized using label-free
second harmonic generation (SHG) imaging, a nonlinear optical tech-
nique sensitive to the helical structure of collagen fibers. Notably, SHG
signals arise primarily from collagen I fibers, but also from other iso-
forms, such as collagen III, which contributes to osteoblastogenesis
[44,45]. Collagen II, which is predominantly found in cartilage, gener-
ates a comparatively weaker SHG signal as its fibrils are thinner and less
tightly packed [46]. Using this approach, we aimed to determine the
spatial and temporal initiation of chondrogenesis within the fracture
callus leading to endochondral ossification and how these processes are
coordinated with local vascularization during healing.

2. Results

2.1. SOX9 was expressed in the proliferative zone but decreased in the
terminal hypertrophic zone of the growth plate

To investigate the cellular responses during endochondral ossifica-
tion, we used 10-week-old female mice and analyzed the same femur to
assess endochondral ossification at both the growth plate and the frac-
ture gap (Fig. 1A). To provide a reference for subsequent analyses of
bone healing, we first characterized chondrogenesis and endochondral
ossification in the distal femoral growth plate, where these processes
occur in a highly ordered and sequential manner. The growth plate fa-
cilitates bone elongation through a tightly regulated process of chon-
drocyte proliferation and hypertrophy, contributing to growth plate
thickening [47-49]. While the resting zone contains small, disorganized
chondrocytes, proliferating chondrocytes align into columns since the
spatial confinement forces the cell division planes to align, thus creating
stacks [50]. To evaluate chondrogenesis and the emergence of osteo-
blastic lineage cells, we assessed the expression of key regulatory
markers across distinct growth plate zones. SOX9, a transcription factor
essential for chondrocyte differentiation and collagen II expression, was
abundantly expressed throughout the proliferative zone (Fig. 1B), as
expected. In contrast, SOX9 expression markedly decreased in the ter-
minal hypertrophic zone before the appearance of the SHG-positive
collagen I/IIl-rich region, which is marked by the white dashed line in
the immunofluorescence image (Fig. 1B). This decrease of SOX9
expression coincided with the onset of vascular invasion as illustrated in
the intensity profile plot along the cartilage-bone transition zone. The
black dashed line in the plot corresponds to the same transition zone
marked by the vertical dashed line in the image (Fig. 1B). This finding is
consistent with previous reports showing that SOX9 suppresses cartilage
vascularization [28,51].

2.2. SOX9 and SPARC were both expressed in the hypertrophic zone of
the growth plate

To further identify the appearance of hypertrophic chondrocytes in
the growth plate, we probed for SPARC expression. SPARC expression
was first detected in the hypertrophic zone, in regions that still con-
tained abundant SOX9-positive cells. As expected, SPARC expression
continued into the mineralized region toward the metaphysis (Fig. 1C),
where SPARC plays a critical role in initiating and promoting matrix
mineralization [35-39]. Thus, this suggests that within the hypertrophic
zone, either two distinct cell populations co-exist, one expressing SPARC
and the other SOX9, or that cells in this transition region co-express
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Fig. 1. Spatiotemporal shifts of cell populations during classical chondro-
genesis and endochondral ossification in the growth plate of long bones. A.
Representative overview image of the whole femur of 10-week-old female mice,
14 days post-osteotomy under semi-rigid fixation, stained with DAPI for nuclei.
B. Spatial distribution of SOX9 expression in the distal femoral growth plate. In
a highly organized process, proliferating chondrocytes (top) transition to hy-
pertrophic chondrocytes near the metaphysis (bottom). Fibrillar collagen was
visualized with second harmonic generation (SHG). The white dotted line
marks the transition between cartilage and collagen I/Ill-rich tissue, corre-
sponding to the increase in SHG signal. This corresponds to the vertical dashed
black line in the corresponding profile plots. SOX9 was highly expressed in the
proliferative zone and the pre- hypertrophic zone while being absent in the
terminal hypertrophic zone, where blood vessels emerged. The normalized
fluorescence intensities of EMCN, SOX9 and SHG were spatially quantified
along the white arrow confirming that vascular growth into the cartilage zone is
inhibited as long as SOX9 expression is high. (star symbol = mineralized area,
hash symbol = cartilage) C. Spatial distribution of SPARC expression in the
growth plate. The normalized fluorescence intensities of EMCN, SPARC and
SHG were spatially quantified along the white arrow showing that the onset of
SPARC expression preceded the emergence of blood vessels. The emerging cell
population with high SPARC expression in the hypertrophic zone and in
mineralized regions, suggests an important role for SPARC in regulating hy-
pertrophic chondrocyte function and bone mineralization. Shown are single
plane images from acquired Z-stacks. An overview image of the whole femur
stained for SPARC can be found in Fig. S1. D, E, F. The growth plate was further
stained for nuclei (DAPI), F-actin and fibronectin using a polyclonal antibody.
High cellular density was observed on both sides of the growth plate (D). The
cartilaginous zone, characterized by proliferative chondrocytes, showed mini-
mal F-actin (E) and fibronectin (F) signal, while actin and fibronectin expres-
sion were markedly high behind the hypertrophic zone. This suggests the
emergence of osteoblasts. G, H. SHG imaging of fibrillar collagen (G) was
superimposed with fibronectin and F-actin staining to spatially quantify their
intensity profiles along the white arrow in the merged image. The corre-
sponding intensity profiles crossing the cartilage-bone transition zone revealed
that fibronectin assembly preceded collagen fibrillogenesis (H). I, J, K. Zoom-in
images revealed SHG signals in the cartilage zone originating from thin collagen
1II fibers. Consistent with characteristics typical of growth plate cartilage,
collagen II fibers were highly organized and aligned along the central bone axis,
underscoring the regulated nature of bone growth.

SOX9 and SPARC (Fig. 1B, C). This observation is notable, as SPARC
expression has also been implicated in promoting chondrocyte degra-
dation [52]. In the collagen I/Ill-rich region, as detected by SHG im-
aging, SPARC was furthermore found in association with the fibrous
collagen matrix (Fig. 1C), further supporting its proposed role in pro-
moting collagen fibrillogenesis [53]. An overview image of the entire
femur, showing both the distal growth plate and the fracture gap,
highlights the high SPARC expression within the endochondral ossifi-
cation zone of the growth plate (Fig. S1).

2.3. De novo assembly of fibronectin started first in the hypertrophic zone
of the growth plate, while collagen I/III fibers appeared in more proximal
regions toward the metaphysis

Chondrocyte stacks exhibited a highly organized columnar
arrangement within the cartilaginous zone of the growth plate, as ex-
pected and confirmed by additional DAPI staining for nuclei (Fig. 1D).
DAPI staining further revealed a reduced cell density within the prolif-
erative cartilage zone, compared to the mineralized region toward the
metaphysis, due to the high ECM content. This ECM is rich in pro-
teoglycans such as aggrecan, which inhibit cell spreading and contrac-
tility. Cell density progressively increased toward the regions of de novo
bone formation (Fig. 1D). Proliferative chondrocytes showed minimal F-
actin organization, consistent with limited cytoskeletal contractility
(Fig. 1E). As cell attachment to the ECM increases, actin polymerization
is promoted, enhancing cell contractility [54]. In agreement with this,
while very little F-actin was detected within the proliferative cartilage
zone, strong F-actin expression was observed proximal to the
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hypertrophic zone, extending toward the bone metaphysis (Fig. 1E).
We next analyzed changes in ECM composition during the transition

from the proliferative cartilage zone through the hypertrophic zone and

into the mineralized region. Since chondrocytes in the hypertrophic
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zone exhibit increased spreading and cytoskeletal reorganization, we
assessed fibronectin distribution across the different zones [55,56]. As
expected, fibronectin was absent from the columnar stacks of prolifer-
ative chondrocytes within the cartilage zone. In contrast, fibronectin

Vascular ingrowth during endochondral ossification in the growth plate
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Fig. 2. In the growth plate, blood vessels invaded the hypertrophic cartilage zone, followed by the initial deposition of fibrillar collagen in regions more toward the
metaphysis. A-B. Maximum intensity images of EMCN and CD31 along with SHG imaging to assess vascular invasion into the growth plate. Shown are avascular
cartilaginous zone of the growth plate (black area) and the interface of cartilaginous zone and bone formation. C. The white dotted line marks the transition between
cartilage and collagen I/III-rich tissue, corresponding to the increase in SHG signal observed in the corresponding profile plots, as indicated by the vertical dashed
black line. Intensity plots for EMCN, CD31 and SHG along the white arrow crossing the cartilage-bone transition zone revealed that blood vessels emerged before
fibrillar collagen toward the active growth plate side, the area rich in fibronectin fibers and F-actin and hence contractile cells. (star symbol = mineralized area, hash
symbol = cartilage) D. To investigate the presence of pre-osteoblasts, OSX staining was performed. Single planes from Z-stack images were analyzed to assess their
spatial relationship to nearby blood vessels. OSX-expressing cells were located in proximity to blood vessels, but appeared slightly more toward the metaphysis
compared to the vascular front when crossing the cartilage-bone transition zone.
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fibers were detected in the hypertrophic zone, coinciding with areas of
increased F-actin assembly (Fig. 1F). This suggests that the assembly of
fibronectin fibers in the hypertrophic region coincides with the transi-
tion of chondrocytes to hypertrophy. To investigate collagen fiber as-
sembly, we assessed the distribution of fibrillar collagen across different
zones of the growth plate using SHG imaging. As expected, fibrillar
collagen I/1I1, which produces an intense SHG signal, was absent in both
the proliferative cartilage zone and the hypertrophic zone (Fig. 1G).
Collagen I/1II fibrils were detected only beyond the hypertrophic zone,
more proximally toward the bone metaphysis. Given that fibronectin
serves as a template for nucleating collagen fibril assembly [57], a
process regulated by fibronectin fiber tension [58], we tested whether
fibronectin deposition preceded the appearance of fibrillar collagen I/III
during endochondral ossification in vivo. Indeed, intensity profiles of
fibronectin and SHG-positive fibrillar collagen along a selected ROI
crossing the cartilage-bone interface demonstrated that fibronectin,
along with F-actin, appeared approximately 100 pm more distal
compared to the emergence of fibrillar collagen within the hypertrophic
zone (Fig. 1H). Since SHG imaging can also capture the much fainter
collagen II fibers, which is the main constituent of cartilage, we used
SHG imaging to further analyze collagen fiber networks within the
proliferative cartilage zone of the growth plate [59,60]. As expected,
single plane and zoom-in images revealed the presence of thin collagen
II fibers in the cartilaginous proliferative zone (Fig. 1I-K).

2.4. Blood vessel invasion occurred in the hypertrophic zone of the growth
plate, followed by the appearance of OSX-expressing cells with
spatiotemporal delay

Hypertrophic chondrocytes transition to a pro-angiogenic state,
promoting the revascularization necessary for cartilage-to-bone
remodeling. To assess the extent of blood vessel invasion into the
fibronectin- and F-actin-rich hypertrophic zone, we stained for the
typical bone endothelial cell (EC) markers EMCN and CD31, both of
which play active roles in coupling angiogenesis to osteogenesis at the
growth plate [32]. As expected, the cartilaginous growth plate zone
remained avascular, while blood vessels appeared in the hypertrophic
zone (Fig. 2A to C). Intensity profiles across a selected ROI spanning the
cartilage-bone transition zone revealed that blood vessels (EMCN and
CD31) emerged within fibronectin-rich areas, approximately 100 pm
more toward the epiphysis compared to the appearance of fibrillar
collagen I/1II fibers (Fig. 2C). To further assess the onset of ossification,
we stained for the transcription factor OSX. OSX-expressing cells were
observed aligning along the invading blood vessels, positioned slightly
more toward the metaphysis compared to the front of vascular sprouts
infiltrating the hypertrophic zone (Fig. 2D). This suggests that vascular
sprouts were subsequently followed by (pre-)osteoblasts, which then
assembled the collagen I/III matrix and later initiated ossification.

2.5. During early bone fracture healing under semi-rigid fixation at day 7,
SOX9 expressing cells were observed centrally within the fracture gap and
coincided with blood vessels that invaded from the proximal side

In contrast to the highly organized process of endochondral ossifi-
cation in the growth plate, chondrogenesis and subsequent endochon-
dral ossification during fracture healing are initiated within a
hematoma-filled fracture gap [19]. Understanding how this complex
hematoma environment transitions toward chondrogenesis and
remodeled into bone remains poorly understood. To investigate this, we
employed our well-established mouse osteotomy model using two
different external fixation strategies: rigid and semi-rigid stabilization
[19]. Since semi-rigid fixation promotes enhanced cartilage formation
after 14 days compared to rigid fixation, we selected the semi-rigid
condition for our initial analyses. We stained with the same markers
as in the growth plate, i.e. for SOX9-expressing chondrocytes and OSX-
expressing (pre)osteoblasts, as well as for SPARC, and used SHG imaging
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to visualize collagen fibers. 7 days after fracture, collagen I/III-rich areas
were present at the proximal side of the gap, suggesting already a
partially mineralized matrix (Fig. 3A). In contrast, the distal part of the
fracture gap, visible as dark areas and indicated by the dashed white line
(Fig. 3A), remained filled with hematoma, as previously shown [19].
SOXO9 staining to detect the emergence of pre-chondrocytes revealed the
absence of SOX9 in collagen I/Ill-rich areas, while being predominantly
expressed further toward the center of the osteotomy gap extending
toward the hematoma region (Fig. 3A). Single-plane images from the
acquired Z-stacks, along with zoomed-in views, revealed the presence of
thin collagen II fibers at sites of SOX9 expression (Fig. 3A). This suggests
that SOX9-positive cells had already begun assembling a collagen II
matrix just beneath the proximal collagen I/IIl matrix. To further
investigate the spatial relationship between these early chondrogenic
cells and the vascular network, we employed EMCN staining for blood
vessel visualization. Since the early fracture gap is highly infiltrated by
platelets and monocytes that both express CD31 [42,43], resulting in
high background and limited specificity for ECs when staining for CD31,
we used EMCN to ensure more specific detection of blood vessels. EMCN
staining revealed SOX9 expression at day 7 within vascularized areas of
the collagen II-enriched hematoma regions at the center of the fracture
gap (Fig. 3A). A higher-resolution, single-plane image further high-
lighted the presence of thin collagen II fibers in areas of rich SOX9
expression, which already exhibited a cartilage-like fiber morphology
(Fig. S2). Analogous to the endosteal region within the osteotomy gap,
the surrounding muscle tissue also showed high vascularization
accompanied by SOX9-expressing cells (Fig. S3). While some overlap
between SOX9-expressing and OSX-expressing cells was observed, the
two populations predominantly occupied distinct regions within the
fracture gap (Fig. 3B). This finding aligns with existing literature indi-
cating that regions rich in OSX expression typically show a marked
absence of SOX9 expression and vice versa, underscoring the suppres-
sive interaction between the pathways they regulate [61-63]. The
slightly more diffuse appearance of OSX staining, compared to the
punctate nuclear signal of SOX9, likely reflects the higher cellular den-
sity of osteoblasts in specific areas, while some residual background
signal may also contribute. In the early stages of fracture healing (day 7),
a notable co-localization of SPARC and SOX9-expressing cells was seen
in some collagen Il-rich areas, while SPARC was also present in regions
with collagen I/III as it is involved in promoting osteogenic processes
(Fig. 3C). Notably, during the early healing phase, SPARC is expressed
by multiple cell types and interacts with platelet-derived growth factor
(PDGF) during tissue remodeling [64], indicating that SPARC is not
restricted to hypertrophic chondrocytes alone as in the growth plate
after 7 days.

2.6. Under rigid fixation at day 7, SOX9 expression occurred within a
fully vascularized fracture gap

In contrast to semi-rigid fixation, the osteotomy gap is fully vascu-
larized under rigid fixation by day 7 [19]. To evaluate chondrogenesis
under these conditions, we analyzed SOX9 expression within the frac-
ture gap stabilized with a rigid fixator. SOX9-positive cells were pre-
dominantly localized on the distal side of the fracture gap, whereas no
SOX9 expression was detected within the collagen I/Ill-rich matrix at
the proximal side, as expected (Fig. 4A). Notably, SOX9-expressing
chondrocytes co-existed with blood vessels within the remnants of the
hematoma. Although some SOX9-positive cells were found near blood
vessels, the majority were positioned at greater distances from vascular
structures (Fig. 4A). Higher-resolution single-plane SHG imaging further
confirmed the organization of fibrillar collagen I/III on the proximal side
and the presence of thin collagen II fibers on the distal side, aligned with
EMCN-positive vessels (Fig. S4). In contrast to the distribution of SOX9-
expressing cells, OSX-positive cells were detected primarily on the
proximal side of the fracture gap, closely associated with blood vessels,
and were absent on the distal side (Fig. 4B).
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Fig. 3. Spatial distribution of SOX9, SPARC and OSX in the osteotomy gap at day 7 under semi-rigid fixation. Osteotomies were set in 10-week-old female mice on
the left femur and the osteotomy gap was stabilized with a semi-rigid fixator. Mice were sacrificed seven days after osteotomy. Fibrillar collagen as visualized using
SHG imaging, together with the spatial distribution of SOX9 (A), OSX (B) and SPARC (C) expression. A. SOX9 was expressed below the collagen I/III-rich areas (star
symbol), extending toward the avascular hematoma region (dashed white line, paragraph symbol). Zoom-in image revealed the presence of collagen II, identified by
a weak SHG signal in regions of SOX9 expression. B. In contrast, OSX was predominantly found in collagen I/III-rich, but also in collagen II-rich areas proximal to the
gap, always in close proximity to the blood vessels. C. SPARC was expressed mainly in collagen I/Ill-rich areas but also co-populated areas together with SOX9-

expressing cells.

2.7. External mechanical stability and local vascularization determined
the spatial distribution of SOX9- and OSX-expressing cells during fracture
healing at day 7

Notable differences in the spatial distribution of SOX9-expressing
cells within the fracture gap were observed between fixation types
(Fig. 3 and Fig. 4). To further investigate the influence of external me-
chanical stability on the emergence of SOX9- and OSX-expressing cell
populations, we quantified the distances of SOX9-positive cells relative
to the proximal fracture end (Fig. 5A) and compared their positions to
those of OSX-positive cells. Our analysis revealed that SOX9-expressing
cells under rigid fixation were predominantly located further away from
the proximal fracture end, whereas under semi-rigid fixation, they
located closer to the proximal side (Fig. 5B). In contrast, OSX-positive
cells consistently occupied more proximal locations than SOX9-
positive cells, regardless of fixation type (Fig. 5B). Because vasculari-
zation and oxygen supply are critical factors influencing cellular dif-
ferentiation [65], we next investigated the spatial relationship between
blood vessels and these two cell populations. While mechanical fixation
stability is known to modulate overall vascularization during fracture
healing, its specific impact on the immediate microenvironment sur-
rounding SOX9- and OSX-positive cells remains unclear. Under both
rigid and semi-rigid fixation conditions, higher-magnification images
and quantitative analyses confirmed that SOX9-positive cells consis-
tently resided further away from blood vessels than OSX-positive cells
(Fig. 5C, D). Together, these findings demonstrate that external me-
chanical stability regulates vascularization, which in turn shapes the

microenvironment and governs the spatial positioning and differentia-
tion of chondrogenic versus osteogenic populations during early fracture
healing.

2.8. Under semi-rigid fixation, large avascular collagen II-rich areas, rich
in SOX9 and SPARC, connected the proximal and distal bone ends after
14 days

Under semi-rigid fixation after 14 days, the number of SOX9 positive
expressing cells had increased significantly compared to the 7-day time
point and now localized at the periphery connecting the proximal and
distal ends of the fractured bones (Fig. 6A). This phase marks a critical
progression in (such a model of delayed) bone healing, in which pro-
liferative chondrocytes promote the development of avascular cartilage
tissue, a prerequisite for endochondral ossification now taking place at
the bone-cartilage interface (Fig. 6A, zoom-in image). The absence of
blood vessels in SOX9 and collagen II-rich areas confirmed that the
hematoma still seen at day 7 had been remodeled into avascular carti-
lage by day 14 (Fig. 6A). In contrast, only a few OSX-expressing cells
were found in collagen II-rich cartilage regions. This is in stark contrast
to the surrounding tissues, which were rich in OSX expression and blood
vessels, originating from the bone marrow and the soft tissue sur-
rounding the bone (Fig. 6B). SPARC-expressing hypertrophic chon-
drocytes co-existed with SOX9-expressing chondrocytes within the
cartilage, but were largely absent in the collagen I/Ill-rich regions
(Fig. 6C). A magnified image from the cartilage-bone interface revealed
that blood vessels originating from the OSX-rich region had invaded the
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Fig. 4. During the early stages of bone healing under rigid fixation, SOX9-expressing cells co-existed with blood vessels at the distal side of the fracture gap.
Osteotomies were set in 10-week-old female mice on the left femur and the osteotomy gap was stabilized with a rigid fixator. Mice were sacrificed seven days after
osteotomy. SHG imaging for fibrillar collagen along with SOX9 (A) or OSX (B) staining was performed. A. SOX9-expressing cells were mainly found at the distal
collagen II-rich side, but not on the collagen I/III- rich proximal side. Superimposition with EMCN staining for blood vessel visualization revealed SOX9 expression in
vascularized areas. Single plane and zoom-in image further revealed SOX9 expression in collagen II-rich distal areas. B. In contrast, OSX-expressing cells were found

on the proximal collagen I/IIl-rich side, while being absent at the distal side.

hypertrophic zone which is a characteristic event preceding bone for-
mation (Fig. 6D). In contrast to the organized chondrocyte alignment
observed in growth plate, the faint SHG signal within the osteotomy gap
under semi-rigid fixation revealed a disorganized collagen II fibril ar-
chitecture suggesting that chondrocytes exhibited a multidirectional
growth pattern (Fig. 6D).

2.9. Under rigid fixation, avascular SOX9-rich areas only concentrated at
the distal tips of the fractured bones after 14 days, thus in previously
vascularized areas as found at day 7

Under rigid fixation at day 14, the SOX9 cell population appeared at
the tips of the distal fractured bones indicating the rapid build-up of
cartilage (Fig. 6E). While these areas were abundant in EMCN positive
blood vessels at day 7, they were now depleted of blood vessels (Fig. 6E).
The transition of these SOX9-rich areas into avascular zones suggests a
process by which vascular structures disappeared as a consequence of
chondrogenesis. These blood vessels could disappear due to SOX9-
mediated vessel regression [28], with the functional consequence that
oxygen levels are expected to decrease in the interior of the chondrocyte
condensates, further promoting chondrocyte differentiation and chon-
drocyte expansion in these areas. At the same time, vessels from the
OSX-rich regions invaded the hypertrophic zone of the cartilage tissue
indicating bone formation (Fig. 6F, Fig. S5 and Fig. S6). In contrast to
semi-rigid fixation, the number of SOX9-expressing cells decreased be-
tween day 7 and 14 under rigid fixation (Fig. 6G). This reduction sug-
gests that endochondral ossification and the remodeling of cartilage into
bone had begun by day 14, likely initiated by hypertrophic chondrocytes
attracting blood vessels, thereby resembling processes observed at the
growth plate. Together, these results highlight a critical sequential
transition - from an initially vascularized hematoma to an avascular
cartilaginous phase, followed by subsequent revascularization - as
fundamental stages necessary for successful chondrogenesis and subse-
quent endochondral bone formation.

3. Discussion

To advance our understanding of the mechanisms governing bone
fracture healing, we compared the well-organized progression of chon-
drogenesis and subsequent endochondral ossification in the growth
plate with the complex events observed during fracture repair. Our aim
was to explore how chondrogenesis in bone fracture healing is regu-
lated, given that it begins in a disordered environment where the frac-
ture gap is initially filled with a hematoma, triggering a cascade of
differentiation and trans-differentiation processes. In contrast, bone
growth happens along a linear sequence of cellular differentiation and
trans-differentiation steps. We utilized the same cell markers to visualize
regions of chondrogenesis and of endochondral ossification in both
scenarios. Particular attention was given here to the transcription factors
S0OX9, as SOX9 is expressed in all cartilage progenitor cells and cartilage
except terminal hypertrophic chondrocytes [51], as well as SPARC
which is expressed in osteoblasts, but also hypertrophic chondrocytes
[34,41] and the osteogenic marker OSX [29].

Within the growth plate, the sequence of events of chondrogenesis
followed by endochondral ossification represents the classical form of
this biological process. Using this to show how the cell markers used
here are differentially expressed during endochondral ossification helps
to gain a more fundamental understanding of the process of chondro-
genesis and endochondral ossification in bone healing, too. Our study
elucidates the spatial distribution of SOX9, SPARC and OSX-expressing
cells and highlights their differential dependency on blood vessel
proximity, most likely due to alterations in oxygen levels during either
chondrogenic or osteogenic differentiation within the growth plate. The
organization of SOX9-expressing chondrocytes in stacks within a
collagen II-rich matrix (Fig. 1B) reflects the typical architecture of pro-
liferative growth plate cartilage. As the availability of oxygen and other
nutrients are diminishing, proliferating chondrocytes gradually became
hypertrophic and eventually trans-differentiated into SPARC-expressing
osteoblasts [34], which then started to assemble an F-actin rich
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Fig. 5. Comparison of spatial location of SOX9- and OSX-expressing cells in rigid versus semi-rigid fixation and their association with blood vessels. A. Representative
rendered images of the osteotomy gap illustrating the distribution of SOX9-expressing cells and fibrillar collagen under rigid and semi-rigid fixation conditions. The
fracture gap, outlined as the region of interest (ROI), was used for subsequent quantifications. B. Quantification of cell distances from the proximal fractured end.
Violin plots depict the spatial distribution of SOX9- and OSX-expressing cells within the fracture gap across three animals. C. Zoom-in images show the proximity of
SOX9-expressing cells compared to OSX-expressing cells in relation to nearby blood vessels. D. Quantitative analysis of the distance between SOX9- and OSX-

expressing cells and their nearest blood vessels. Violin plots illustrate distribution of cell proximity to blood vessels within the fracture gap across three animals.

Data were compared using a nonparametric Kruskall-Wallis rank test with post hoc Dunn's test for multiple comparisons. * indicates p < 0.05,

< 0.0001.

cytoskeleton concomitant to a fibronectin matrix in the hypertrophic
zone (Fig. 1C-F). As long as SOX9 expression is high, hypoxia-induced
angiogenesis into the cartilage zone is inhibited, as SOX9 can directly
inhibit vascularization by binding to SRY sites within the Vegfa gene,
thereby repressing its expression [28]. Therefore, the reduction of SOX9
expression in the hypertrophic zone (Fig. 1B), likely enabled the sub-
sequent revascularization to facilitate cartilage-to-bone remodeling. As
the SPARC-expressing cell population increased, we propose that
increased SPARC release from subchondral osteoblasts further promoted
chondrocyte degeneration [52] accompanied by major ECM remodel-
ing. The observed spatial offset between fibronectin and collagen I/1III
assembly at the cartilage-bone interface - with the latter appearing
approximately 100 pm more proximal toward the metaphysis in our
model (Fig. 1H) - is to be expected as fibronectin fibers serve as template
to nucleate collagen fibrillogenesis [57,58,66]. The continued presence
of SPARC in the collagen I/IlI-rich mineralizing zone is consistent with

indicates p

its documented role in promoting collagen matrix assembly and bone
formation [53]. Important to note for our discussion below, chondro-
genesis is promoted by reducing the oxygen and nutrient supply, while
osteoblast differentiation requires well oxygenated conditions [33,67].
Also a reduced availability of lipids might contribute as this determines
the fate of skeletal progenitor cells via SOX9, too [68]. Thus, environ-
mental factors such as oxygen and perhaps other nutrients orchestrate
the differential growth versus decline of competing cell populations.
Notably, since SOX9-expression is associated with HIF1a signaling, the
spatial expression of this marker suggests hypoxic conditions in these
areas [31], while OSX expression suggests more oxygenized areas
[32,33].

Fracture healing, unlike the structured process observed at the
growth plate, starts within a hematoma-filled space, characterized by a
co-existing mixture of entrapped cells and others invading from the
surrounding tissues. To transform this disordered state into bone over
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Fig. 6. Only under rigid, but not semi-rigid fixation, avascular SOX9-rich regions had emerged in previously vascularized areas at the tips of the distal bone by day
14. Osteotomies were set in 10-week-old female mice on the left femur and the osteotomy gap was stabilized with a semi-rigid or rigid fixator. Mice were sacrificed
14 days after osteotomy. A, B, C. Representative images of the osteotomy gap with fibrillar collagen visualized by SHG imaging and staining of cellular markers SOX9
(A), OSX (B) and SPARC (C) along with EMCN for blood vessel visualization. SPARC-expressing hypertrophic chondrocytes co-existed with SOX9-expressing
chondrocytes, while OSX staining revealed minimal OSX expression in SOX9-rich regions, indicating the development of cartilage tissue. Zoom-in images show
cartilage-bone interface indicating regions of endochondral ossification (star symbol = mineralized area, hash symbol = cartilage). SOX9 was not expressed in
collagen I/Ill-rich regions, but was highly expressed in collagen II-rich regions. SPARC now showed significantly higher expression in collagen II-rich regions
compared to collagen I/III-rich regions. OSX was highly expressed in collagen I/III-rich regions, whereas significantly fewer OSX-expressing cells were observed in
collagen II-rich regions. D. Zoom-in and single plane image at the cartilage-bone interface from another sample revealed blood vessel sprouts originating from the
0OSX-rich region invading the hypertrophic zone of the newly developed cartilage. In contrast to the organized cell stacking observed in the growth plate (Figs. 1 and
2), the chondrocyte matrix within the osteotomy gap showed less organization and exhibited a multidirectional growth pattern. E, F. Representative images of the
osteotomy gap 14 days post-osteotomy under rigid fixation, stained for SOX9 (E) and OSX (F) respectively, alongside SHG imaging. Superimposition with EMCN
staining for blood vessel visualization revealed the absence of blood vessels in SOX9-rich areas. OSX was highly expressed in collagen I/Ill-rich regions. Zoom-in
images show interface of collagen I/III area (star symbol) and cartilage (hash symbol). G. Quantification of number of SOX9-positive cells in the fracture gap 7
days compared to 14 days post-osteotomy. Significant increase of SOX9-expressing cells in the healing zone from 7 to 14 days under semi-rigid fixation indicating
cartilage tissue development. In contrast, rigid fixation resulted in a significant reduction in SOX9-expressing cell numbers at day 14 compared to day 7 (N = 4).
Statistical analysis using unpaired, parametric t-tests was performed. ** indicates p < 0.01, *** indicates p < 0.001.

time, several processes are at work to orchestrate bone repair with jamming, might reduce the mass transport of oxygen and nutrients into
spatiotemporal precision. Using the growth plate to calibrate where to these regions. Cell condensation and increasing cell-cell contacts are
expect the appearance versus disappearance of the cell markers SOX9, known to enhance chondrogenesis [69] The combination of markers and
SPARC and OSX, we then asked during fracture gap healing where these their spatial patterning again suggests that these SOX9/SPARC-rich re-
competing cell populations emerged or disappeared. The spatial loca- gions at day 14 resembles what is seen in the hypertrophic zone in the
tions showing high levels of SOX9 expression within the fracture gap at growth plate facilitating vascular ingrowth presumably initiated from
day 7 were rather different during semi-rigid and rigid fracture fixation. the proximal side.
Upon semi-rigid fixation at day 7, chondrogenesis started in the central Under rigid fixation, after 14 days, initially highly vascularized re-
part of the fracture gap, with additional SOX9-positive cells observed in gions with SOX9-expressing cells had become avascular, but only in
the surrounding tissue (Fig. S3). The outside-in supply of oxygen and regions where cartilage had developed flanking the distal cortices
nutrients to the fracture gap is initially facilitated by enhanced eryth- (Fig. 6E). How could this be mechanistically explained? As the blood
ropoiesis in the bone marrow adjacent to the fracture site in early days supply that came mostly from the surrounding soft tissue outside of the
[65], followed by enhanced blood vessel ingrowth promoted by hyp- bone at day 7, oxygen and nutrient supply might again get reduced due
oxia, and in case of semi-rigid fixation by mechanically driven mass to cell infiltration and division in the hematoma, which might also
transport. We had previously suggested that the interfragmentary compress the newly formed blood vessels, as previously observed in
movement might be high enough to supply the hematoma with sufficient tumor tissues [70,71]. Degradation of existing blood vessels might get
oxygen and nutrients via mass transport, driven by gap compression and initiated by SOX9 expressed by chondrocytes at these sites. SOX9 reg-
expansion, such that the onset of angiogenesis is delayed compared to ulates another anti-angiogenic mechanism through Chondromodulin-1
rigid fixation [19]. Our finding that OSX-expressing cells were posi- (ChM-1) [72], beyond suppressing the Vegfa gene. ChM-1 inhibits EC
tioned further from blood vessels under semi-rigid fixation compared to migration by downregulating proteins such as cyclinD1, cyclinD3, and
rigid fixation (Fig. 5D) further supports our hypothesis that reduced cdk6. These proteins promote cell division. At the same time ChM-1
mechanical stability may alter the local oxygen tension or nutrient upregulates cell cycle inhibitors like p21P! [73,74]. The upregulated
gradients within the fracture gap. As cell infiltration and division ChM-1 expression may act inhibitory on neighboring ECs [75,76], and
progress, cell crowding increases, which subsequently reduces the sup- may eventually disrupt established endothelial tubes [75,77] and
ply of oxygen and nutrients. This reduction, in turn, promotes chon- thereby further decrease the oxygen and nutrient supply. As the blood
drogenesis in the respective areas. These observations are consistent vessels disappeared, the chondrocyte population is taking over other cell
with the well-known influence of mechanical conditions on fracture populations that require high oxygen levels [78,79], in contrast to
healing outcomes: less stable conditions foster greater cartilage forma- chondrogenesis [80]. While vascular regression prior to mesenchymal
tion compared to rigid fixation [20,21,23]. Our data provide a spatial condensation and chondrogenesis has been studied and confirmed
context to this principle, showing that mechanical stability not only during development [81,82], our study is the first to provide evidence
affects the amount of cartilage but also its location. that this process also occurs during bone healing. Similarly, while much
The pronounced SOX9 expression in the center of the fracture gap at attention has been paid to the mechanisms of chondrogenesis and SOX9
day 7 under semi-rigid fixation (Fig. 3A) may indicate that this region is during development and within the growth plate [26,51,83,84], their
the first to experience reduced oxygen and nutrient availability, likely as regulation in determining endochondral ossification during fracture
movement-induced alterations of shear and compressive forces are least repair is less well understood. Altogether, we here propose that the
pronounced in the center of the fracture gap. We would like to propose build-up of a chondrogenic cell population proceeds as vessel network
now that, as the emergence of hypoxic conditions is also known to structures are actively retracted and disassembled as promoted by an
promote the ingrowth of blood vessels, here initiated from the proximal increasing SOX9 expressing cell population. This may progressively
side, we see at day 7 blood vessels in proximity of SOX9-expressing cells create local hypoxic settings necessary to ultimately induce the differ-
in the regions rich in collagen II (Fig. 3A). The finding that areas of SOX9 entiation to hypertrophic chondrocytes in all those areas that show high
expression co-exist already with SPARC-rich regions in some areas SOX9 expression levels at day 7.
suggests that these regions are already in the hypertrophic state, in Taken together, our findings reveal how the spatiotemporal expres-
analogy of what is seen for the combination of these markers in the sion of SOX9- positive chondrocytes, SPARC-positive hypertrophic
growth plate. As time progressed to day 14, a predominance of SOX9 chondrocytes and osteoblasts, versus OSX-positive osteoblasts orches-
and/or SPARC-expressing cells is seen in large peripheral avascular re- trate the events of chondrogenesis and endochondral ossification
gions that were previously filled with avascular hematoma under semi- necessary to heal bone. Using the growth plate to delineate the spatio-
rigid fixation (Fig. 6A). Chondrogenesis in those areas might got initi- temporal synergies of the competing cell populations and their differ-
ated as progressing cell divisions in the limited space, and thus cell entiation patterns, we propose a model where blood vessel growth into
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the hematoma is followed by a vascular degradation phase which allows
chondrogenesis to progress at the tip of the distal bones after 14 days,
ultimately leading to vascular regrowth via endochondral ossification at
the distal tips of the bone. The observed localized devascularization and
the spatiotemporal onset of bone regrowth in the right locations, i.e. at
the tips of the distal bones, were evident at day 14 only under rigid
fixation. In contrast, semi-rigid fixation did not show localized chon-
drogenesis at these distal sites. This suggests that tightly regulated
vascular remodeling, including transient vascular degradation to facil-
itate chondrogenesis, is a prerequisite for scar-free healing. Disruption of
this sequence may impair endochondral ossification and may contribute
to delayed healing or even scarring. Deepening our understanding of
these competing processes and how they depend on the mechanical
stability of the fracture gap fixation, and how this ultimately relates to
scare-free bone regeneration, is of significant medical relevance as they
can provide instructions how to promote fracture healing. Particularly
the role of interstitial mass-transport as promoted by semi-rigid fixation,
and how this interferes with the bone healing processes as observed
under rigid fixation, has not been systematically described in the liter-
ature or exploited for therapeutic applications.

3.1. Limitations of the study

Limitation of this study include that only snapshots (7d and 14d)
were used here to splice together a refined model regarding factors that
control the process of chondrogenesis, maturation and finally endo-
chondral ossification, and how it gets well-orchestrated in time and
space. Future research could now focus on tracking individual cell
populations during the process of fracture healing. This might lead to
further insights into trans-differentiation processes beyond of what has
already been revealed for hypertrophic chondrocytes [10,85,86], for
which it was previously assumed that they would die. Also, other
markers or engineered sensors could be utilized to directly measure the
oxygen supply with spatiotemporal resolution, as well as of other nu-
trients necessary to drive the maturation of chondrocytes. Finally, ex-
periments could be designed perhaps using intravital microscopy to
study the dynamic process of vascularization. Given the close interplay
between vascular and neuronal networks [87], such studies could be
expanded to explore neurovascular coupling during callus formation
and tissue remodeling. In particular, examining how patterns of
neuronal innervation differ between scar-free (rigid) and delayed (semi-
rigid) healing conditions may provide further insights into the mecha-
nisms that govern successful healing. While angiogenesis in bone heal-
ing has traditionally been viewed as a biphasic process involving
hematoma vascularization and endochondral ossification, the interme-
diate phase requiring devascularization has not been systematically
described when studying vascular dynamics. Revealing such a biology-
controlled process that induces the vanishing of initially formed angio-
genic networks holds promise to design new bioengineering strategies
that enable regeneration also in cases and regions where in situ regen-
eration is challenged. This might also be relevant for therapeutic stra-
tegies to treat other angiogenesis-related disorders.

4. Materials and methods
4.1. Mouse osteotomy model to study bone healing versus bone growth

A mouse osteotomy model was used to study both bone healing and
bone growth at the growth plate. 10 week old-female mice were used in
this study. The experimental procedures were carried out under iso-
flurane anesthesia, with maintenance through an isoflurane-oxygen
mixture administered via a mask. Preoperatively, the animals received a
subcutaneous injection of buprenorphine (Temgesic) at a dosage of 0.03
mg/kg while already anesthetized. To prevent intraoperative contami-
nation, prophylactic antibiotic treatment with clindamycin (8 mg/kg
body weight) was administered. Surgical interventions were performed
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on a warming plate to maintain the animals' body temperature. To
prevent eye dryness during anesthesia, eye ointment was applied. An
external fixator was affixed to the left femur under general anesthesia.
This fixator, commercially available (MouseExFix 100 % and 50 %,
RISystem), comprises four screws (diameter 0.45 mm) and a radiolucent
fixator body. A lateral longitudinal skin incision was made extending
from the knee to the hip joint. The iliotibial tract and vastus lateralis
muscle were bluntly dissected to expose the femur. Pinholes for external
fixator attachment were created using a hand drill, beginning with the
first hole just proximal to the distal femoral metaphysis. Three addi-
tional pinholes were then drilled to facilitate secure mounting of the
external fixator. After securely attaching the external fixator, an
osteotomy with a width of 0.7 mm was performed between the two
middle pins using a wire saw from RISystem. The wound was closed with
layers and animals were returned to their cages with unrestricted
mobility and were provided with tramadol in their drinking water (25
mg/L) for pain relief over the following three days. Animals were
euthanized 7 or 14 days post-osteotomy under deep anesthesia induced
by a ketamine and medetomidine mixture, followed by cervical dislo-
cation. Day 7 was selected to study early healing and hematoma
remodeling, while day 14 was chosen to assess endochondral ossifica-
tion, prior to substantial callus remodeling into mature bone. All sta-
tistical analyses were conducted with samples from at least three
different litters. Sample processing was blinded until data analysis.
Surgeries were performed at the Julius Wolff Institute for Biomechanics
and Musculoskeletal Regeneration (LaGeSo G0322/18).

4.2. Rigid versus semi-rigid external fracture fixation as a model system
for successful and delayed healing

An external fixation system from RISystem (RISystem AG, Davos,
Switzerland) that had previously been established was employed to
model successful (rigid fixation) and delayed (semi-rigid fixation)
healing. This system allows control of the local mechanical environment
at the fracture site as described in detail elsewhere [88,89], and is only
briefly summarized here: Rigid fixation facilitates the healing of a 0.5
mm osteotomy gap within three weeks, allowing it to regain mechanical
properties comparable to the contralateral intact bone. However, when
the fixator is equipped with a semi-rigid fixation bar, it results in
doubled shear movements and a substantial increase in shear straining
of the tissue, leading to a significant delay in the healing process. Tissue
strains under both rigid and semi-rigid fixation conditions were quan-
tified using finite element analysis (FEA) [23]. We previously adapted
this model to reflect the 0.7 mm osteotomy gap used in the present study
[90]. During the healing process, the initial hematoma transitions into
the chondrogenic phase, followed by endochondral ossification and
subsequent mineralization. These processes reduce the mechanical
strain at the fracture site, ultimately leading to bone bridging between
the fracture fragments.

4.3. Bone sample preparation

After euthanasia, femurs were harvested and fixed in 4 % para-
formaldehyde (PFA) in PBS for 6-8 h on a shaker. Following PBS washes,
the bone samples were transferred to 0.5 M EDTA in H3O for decalcifi-
cation and incubated at 4 °C on a shaker for 24 h. After removal of EDTA
solution, sucrose solution (20 % sucrose/ 2 % PVP/H,0) was added and
incubated for 6 h at 4 °C on a shaker. Bones were transferred into a
cryosection mold and mounted with embedding bone medium (8 %
gelatin/ 20 % sucrose/ 2 % PVP in Hy0). Bones were stored at —80 °C.
The protocol that we followed has been established previously [91].

4.4. Cryocutting

To prepare cryosections for immunostaining and imaging, cryo-
blocks were mounted on cryotome sample holder using Tissue-Tek® O.
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C.T. Compound (Sakura, # 4583). 50 um thick sections were cut and
directly transferred to glass slides.

4.5. Immunofluorescence staining

Tissue cryosections were thawed, dried for 30 min at room temper-
ature and after rehydration with ice-cold PBS for 5 min samples, per-
meabilized with ice-cold 0.3 % triton in water for 10 min. Samples were
then blocked with 5 % normal serum donkey and 0.3 % triton in 1xPBS
for 30 min. Primary antibodies against Fibronectin (Abcam, ab23750,
1:200), EMCN (Santa Cruz, Cat# sc-65,495, 1:100), or CD31/ Pecam-1
(R&D systems, #AF3628, 1:200), or SOX9 (Abcam, [EPR14335-78],
ab185966, 1:200), or Sp7/0SX (Abcam, ab22552, 1:200), or SPARC
(Abcam, ab203284, 1:200) were diluted in 5 % normal serum donkey in
PBS and incubated overnight at 4 °C. Samples were then washed with
ice-cold PBS for 5 min three times. Secondary antibodies were diluted in
PBS with a 1:200 dilution. Phalloidin-iFluor 488 (Abcam, ab176753,
1:200), which binds to actin filaments, was added for selected tissue
sections. For some tissue sections DAPI was added as well. The samples
were then incubated with secondary antibody solution for 3 h, followed
by washing with PBS and mounting using Fluoromount G (#Cat
0100-01, Southern Biotech). The protocol that we followed for CD31
and EMCN staining has been established previously [91].

4.6. Fluorescence and second harmonic generation imaging of stained
tissue sections

Images were acquired using a Leica SP5 confocal microscope. 25 x
water immersion objective was used for overview images. Higher reso-
lution images were acquired with 40 x water immersion objective. SHG
imaging was used for fibrillar collagen visualization. SHG microscopy is
a label-free imaging technique, making it especially well-suited for im-
aging biological samples [92]. Unlike fluorescence-based techniques,
SHG relies on the nonlinear optical interaction between light and tissue-
embedded molecules, whereby the SHG signal is generated when two
photons interact with a non-centrosymmetric structure and combine to
emit a single photon with half the wavelength of the incoming light
[93]. Collagen I consist of two al chains and one a2 chain arranged in a
triple helix, which further assembles into highly ordered fibrils of
approximately 20-250 nm, which in turn assemble into fibers of
approximately 500 nm [94]. These well-organized, densely packed and
non-centrosymmetric fibrillar structures make collagen I fibers highly
efficient at generating SHG signals. Additionally, other isoforms, such as
collagen III, which plays a role in osteoblastogenesis [44,45], co-
localizes with collagen I and thus contributes to the SHG signal. Also,
collagen II fibrils, which are predominantly found in cartilage [46], are
capable of generating SHG, but at significantly weaker levels. Collagen II
is composed of three identical al(II) chains and forms fibrils that are
thinner and less tightly packed than those of collagen I or III [95]. This
reduced structural organization results in a much lower SHG signal
under equivalent imaging conditions. Therefore, SHG imaging enables
to distinguish between collagen I/IIl-rich bony and collagen II-rich
cartilage areas indicated by a comparatively stronger or weaker SHG
signal, respectively. An incoming laser wavelength of 910 nm was used
for SHG. DAPI was visualized using a multiphoton laser with excitation
at 790 nm. Z-stacks were acquired for every image. Confocal images
were further visualized and analyzed using Fiji (ImageJ) as described
below.

4.7. Line profile plots

For profile intensity plots, a custom macro was developed to measure
intensity profiles along a selected ROI. Single planes of the maximum
intensity projections of acquired image stacks were used. The appear-
ance of the SHG-positive signal at the cartilage-bone transition zone was
used as a reference point. This was indicated by the white dashed line in

12

Bone 200 (2025) 117595

the immunofluorescence images and black dashed line in the corre-
sponding normalized intensity profile plots. Intensity measurements for
the respective immunofluorescence signals were taken and the
measured data points of the selected ROIs were then transferred to Prism
GraphPad, where the profile plots were plotted.

4.8. Analysis of cell distribution, cell-to-blood vessel proximity and
number of SOX9-expressing cells

To analyze the spatial distribution of SOX9- and OSX-expressing cells
within the fracture gap, binary images of immunostained sections were
generated and superimposed with binarized SHG images. A region of
interest (ROI) spanning the fracture gap was defined for all samples. Cell
distance measurements were performed using Fiji software in combi-
nation with a custom-developed macro. This tool quantified the distance
of each cell within the gap relative to the proximal fractured cortical
end. The resulting distance data for all cells in the gap across samples
were visualized as violin plots to assess and compare spatial cell distri-
butions between groups. Similarly, to analyze the proximity of SOX9-
and OSX-expressing cells to blood vessels, binarized images of EMCN
staining were superimposed with the corresponding binarized cell
stainings. The same ROI spanning the fracture gap was applied. Using
the same custom Fiji macro, the distance from each cell to the nearest
blood vessel was quantified. Proximity data for all cells within the gap
were visualized as violin plots to assess and compare spatial proximity of
SOX9- and OSX-expressing cells to blood vessels between groups. For
quantification of the number of SOX9-expressing cells, the ROI was
defined spanning the entire healing zone, including the outer callus at
the 14-day time point. Cell quantification was performed using Fiji
software in combination with a custom-developed macro that counted
the number of SOX9-experssing cells within the healing zone.

4.9. Statistics

Two-tailed paired t-tests were conducted using GraphPad Prism
software to assess statistical significance between two groups. For
comparison between multiple groups displayed as violin plots, the
nonparametric Kruskall-Wallis rank test with post hoc Dunn's test for
multiple comparisons was applied. Sample sizes are provided in the
figure legends. Different p-values are indicated by stars in corresponding
figures (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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