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Growth plate (GP), a critical cartilaginous structure in amniotes, underpins
longitudinal bone growth, yet the intricate mechanisms behind its polarized
mineralization during evolution remain unclear. Herein, employing high-
resolution analytical techniques, we reveal that the GP-epiphysis interface
displays a sharp transition in tissue modulus, acting as a protective shell for the
underlying GP, whereas the GP-metaphysis interface exhibits a gradual mod-
ulus increase, enabling efficient load redistribution to the metaphysis. This
mechanical microenvironment contributes to unique microstructural and
compositional transformations from GP to epiphysis and metaphysis. Notably,
the GP-epiphysis interface acts as a mineralization inhibition zone while the
GP-metaphysis serves as a mineralization promotion zone, orchestrated by a
complex network of proteins. Proteins such as secreted phosphoprotein 1
(SPP1) and alpha-2-HS-glycoprotein (AHSG) at the GP-epiphysis interface
inhibit mineralization, forming a defense line; while ectonucleotide pyropho-
sphatase/phosphodiesterase 1 (ENPP1) and alkaline phosphatase, biominer-
alization associated (ALPL), coexisting with SPP1 and AHSG, promote a
sequential nucleation and assembly of calcium phosphate minerals at the GP-
metaphysis. Such polarized mineralization patterns maintain the homeostasis
of GPs and drive polarized bone elongation. Replicating this process in vitro,
we synthesize stable amorphous calcium phosphate which shows highly
controlled transformation into hydroxyapatite. This work provides a more
comprehensive view of the structural integrity of human bone in development
and offers strategies for controlled biomineralization.

Organisms have developed their own mechanisms to regulate mineral
assemblies, essential for maintaining various physiological functions
across different wildlife forms'?. Growth plates (GPs), as a bone growth
structure unique to vertebrates, provide an important model to
understand mineralization mechanisms of hard tissues’. Calcium
phosphate (CaP), as the primary component of vertebrate hard tissues,

has been the subject of extensive research due to its manipulable
assembly properties*®. Current studies have focused on controlling
CaP assembly through ions®’, peptides®’, proteins'®, DNA" and RNA".
However, the complex phase transition processes involved in non-
classical nucleation render CaP assembly uncontrollable. Although
bone mineralization pathways during the growth of developmental
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bones have been explored” ™, and amorphous calcium phosphate
(ACP) particles have been observed in rapidly forming long bones',
the mineralization of GP responsible for long bone growth remains
largely unexplored.

The developmental GP-bone interfaces serve as an ideal template
for studying human mineral growth because of their unique polarized
mineralization pattern. Following the formation of the secondary
ossification center, the GPs are separated from the articular cartilage
by the bony epiphysis and situated between the epiphysis and
metaphysis" (Fig. S1). Longitudinal bone growth is attributable to the
continuous mineralization of the hypertrophic zone of the growth
plate into the metaphysis via endochondral ossification'®2°. In contrast
to the actively mineralized GP-metaphysis interface, the GP cartilage
does not undergo continuous mineralizing into bone tissue at the GP-
epiphysis interface?. This phenomenon maintains the polarized nature
of bone elongation, progressing from the GP towards the metaphysis.
Previous studies have extensively revealed the unique contribution of
disparate cell types within the GP in guiding long-term bone
elongation??, However, the polarized mineralization patterns of GPs
and their associated regulatory mechanisms have rarely been explored
from a materials science perspective.

GPs are located in a unique hard-soft-hard mechanical environ-
ment between the epiphysis and metaphysis. The separation of
articular cartilage and GP evolves as a mechanism to shield the GP from
the intense mechanical forces related to weight-bearing in a terrestrial
environment for amniotes®. Numerous studies have investigated the
mechanical properties of zonal GP tissues or performed in situ testing
to map these properties across the GP* %", However, the relationship
between localized mechanical properties and biochemical transitions
at the cartilage-bone interfaces, which are key to understanding the
polarized biomineralization patterns of GPs, remains poorly char-
acterized. Moreover, under physiological conditions, bone tissue
exhibits remarkable adaptation to the mechanical environment,
dynamically responding to biomechanical stress and generating
mineralized structures and compositions optimized for the mechan-
ical response’®”. Understanding the interplay between localized
mechanical responses and the corresponding microstructural and
compositional transitions at the two key cartilage-bone interfaces can
help explain the polarized biomineralization pattern in GPs.

The process of biological mineralization is a finely regulated
process orchestrated by cells, involving the transient stabilization of
ACP by biomacromolecules?, transportation of ACP to the extracellular
matrix (ECM)*°, ACP nucleation®, crystal growth and assembly™.
Mineralization inhibitors at the GP-epiphysis interface effectively deter
the precipitation of abundant calcium and phosphate ions within the
ECM'*, while at the GP-metaphysis region, the inhibitory effect of
mineralization is neutralized by biomineralization promoters like
enzymes®*, allowing calcium and phosphate ions to form mineral
precursors for further crystallization®***’. These processes are
believed to be controlled by a complex network of proteins compris-
ing inhibitors and promoters that regulate mineralization dynamics at
the GP interfaces. Thus, a comprehensive understanding of the
underlying biomechanical, biochemical, structural and biomolecular
mechanisms involved in the polarized mineralization patterns at the
GP-bone interfaces is of great significance in fields such as controlled
mineral assembly, bone growth and development studies, and bone
tissue engineering.

Herein, we collected human GP samples from varying develop-
mental stages (phalange GPs: 0-5 years old; tibia GPs: 6-14 years old)
(Table S1) to reveal the polarized bone lengthening, focusing on
mechanical microenvironment, microstructural and compositional
transformation, as well as nanoscale crystal assembly of the key
transitional GP-epiphysis and GP-metaphysis regions by multiple
high-resolution imaging technologies (Fig. S2). Our results confirmed
the existence of a mineral precursor phase during GP

biomineralization and revealed a series of proteins that regulate
polarized GP mineralization. These findings enabled us to stabilize ACP
and control its transformation into hydroxyapatite (HAp) in vitro.

Results
Mechanical characteristics of the GP-epiphysis/metaphysis
interface
The in-situ biomechanical performance of tibia GP tissue, including
epiphysis and metaphysis, under physiological loading was evaluated
under physiological loading using a synchrotron X-ray microscope
(XRM) at a high resolution of 5.64 pm per voxel (Fig. 1A). After com-
pressive loading, the sample exhibited deformation (Fig. S3A). We
reconstructed the 3D structure of the tissue before and after loading by
Micro-computed tomography (micro-CT) and applied Digital Volume
Correlation (DVC) to quantify local displacement and strain®® (Fig. S3B).
The strain was mapped from the epiphysis, across GP tissue, to the
metaphysis. The GP-metaphysis interface showed more significant load-
induced displacements compared to the GP-epiphysis interface (Fig. 1B,
Movie S1-3). A sharp increase in local strain was observed at the tran-
sition from the GP to the epiphysis, whereas the transition from the GP
to the metaphysis exhibited a more gradual rise in strain level (Fig. 1C).
Next, we evaluated the modulus transition from the GP to the
epiphysis/metaphysis using atomic force microscopy (AFM) (Fig. 1D).
The tissue modulus increased sharply from 130.70 +36.56 MPa in
the resting zone of the GP to 11.92+6.60 GPa in the epiphysis
(Fig. 1E, Figs. S4A, B, E-G, S5). In contrast, the GP-metaphysis interface
demonstrated a relatively progressive increment from 416.20 =
107.18 MPa in the hypertrophic zone of the GP to 3.22 +1.53 GPa
in the metaphysis (Fig. 1F, Figs. S4C, D, E-G, S5). The distinct mod-
ulus transition patterns were consistent with the differential mechan-
ical responses at the GP-epiphysis and GP-metaphysis interfaces.

Distinct CaP mineralization patterns at two interfaces

We then observed the structural and compositional transition at the
soft-hard interfaces, including the GP-epiphysis and GP-metaphysis
interfaces (Fig. 2A-G, Fig. S6A), using scanning electron microscopy
(SEM), density-dependent color-SEM (DDC-SEM), focused ion beam-
SEM (FIB-SEM) and energy-dispersive X-ray spectroscopy (EDX). At the
GP-epiphysis interface, the porous and loose GP cartilage in the resting
zone underwent a sharp transformation into dense and mature epi-
physeal tissue (Fig. 2H, Fig. S6B). Meanwhile, at the GP-metaphysis
interface, densely packed collagen fibers in calcified zones gradually
mineralized into bone tissue, with minerals transitioning from imma-
ture spherical minerals to crystal platelets (Fig. 2I, Fig. S6C). FIB-SEM
also showed extrafibrillar spherical minerals at the mineralization
front, which fused across the interfibrillar space and permeated the
collagen fibrils to transform into a fully mineralized metaphysis region
(Fig. S7). EDX line scans and mapping of calcium (Ca) and phosphorus
(P) distribution further highlighted the differences between the sharp
elemental transformation across the GP-epiphysis interface (Figs. 2J, L)
and the gradual transition across the GP-metaphysis interface occur-
ring over a longer distance (Figs. 2K, M). Moreover, the minerals in the
epiphysis region exhibited Ca/P ratio analogous to mature HAp crys-
tals, and this value remained consistent throughout the epiphysis
(zone 1, 1.763 + 0.067; zone 2, 1.693 + 0.050; zone 3, 1.660 + 0.043)
(Figs. SSD, S6F). In contrast, the Ca/P ratios of the metaphysis tissue
near the mineralization front (zone 1, 2.205+0.190; zone 2,
1.930 + 0.072) were significantly higher than those far from the front
(zone 3, 1.612 + 0.085) (Fig. S6E, G).

We performed stimulated Raman scattering (SRS) imaging to
further evaluate the mineral phase and the spatial distribution of
components such as glycosaminoglycans (GAGs), proteins, lipids and
especially minerals across the two interfaces (Fig. S8). The abrupt
increase of PO,* v, symmetric stretching peak at 960 cm™ indicated
that the GP-epiphysis interface underwent a sharp transition from non-
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Fig. 1| The mechanical response and properties of the growth plate.

A Schematic illustration of the in situ micro-CT imaging of the whole GP sample via
synchrotron XRM; B The displacement magnitude images via DVC processing of GP
tissue under compression in the (i) XZ, (ii) YZ and (iii) XY plane, The arrows point to
the interfaces with significant displacement changes, scale bar =1 mm; C Views of
(i) 3D strain distribution of GP tissue when compression is applied, the arrows
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represent the displacement direction, scale bar =1 mm, and expanded views of the
(ii) GP-epiphysis interface, scale bar =200 pum, and (iii) GP-metaphysis interface,
scale bar =200 pm, processed by DVC; D Schematic of AFM analysis of the GP-
Epiphysis and GP-metaphysis interface; E, F The 3D modulus distribution map of all
selected areas from GP to epiphysis/metaphysis. Source data are provided as a
Source Data file.

mineralized GP cartilage to fully mineralized epiphysis occupied by
carbonated crystalline HAp (Fig. 3A, B, Fig. S9A). In contrast, the GP-
metaphysis interface displayed a distinct pattern: a noticeable shift in
the broad peak of the PO,* v, band occurred at 950 cm™ and 955 cm™,
which finally transformed into the narrow peak at 960 cm™ (Fig. 3C,

Fig. S9B), indicating the possible existence of an amorphous phase and
the gradual maturation of mineral deposits from amorphous to crys-
talline minerals across this interface®*2 The appearance of the peak at
955 cm™ may be caused by overlapping peaks of ACP at 950 cm™ and
HAp at 960 cm™2 Additionally, SRS mapping validated the presence
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of a region enriched with ACP at the frontier of the GP-metaphysis
interface, which subsequently mineralized into HAP (Fig. 3D). These
results align with the observed spherical structures in SEM and high
Ca/P ratios at the GP-metaphysis interface. Closer inspection of the
mineral spatial distribution showed an increase in HAp crystallinity,
substituted carbonate content and mineral-to-collagen ratio, as well as
a decrease in CO5*/PO,* ratio across the GP- epiphysis interface

(Fig. 3E-G). In contrast, a more gradual trend was observed from the
GP to the metaphysis (Fig. 3H-J).

Disparate chemical environments contribute to distinct CaP
transformation patterns at two interfaces

To uncover the nature of transitioning minerals at the two interfaces,
we investigated nanoscale CaP mineral assembly by cryo-transmission
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Fig. 2 | Microstructural and compositional transformation of human GP
interfaces. A The schematic illustration of human tibia growth plate, with resting
GP-epiphysis interface and active GP-metaphysis interface; B X-ray image of human
knee joint with GP; C Representative photograph of GP, epiphysis and metaphysis
in tibia; D SO staining of GP, scale bar =200 pm, (n =3/group from 10 donors);

E The DDC-SEM micrograph of GP with epiphysis and metaphysis tissue, scale
bar =100 um; F, G Enlarged DDC-SEM micrographs of the GP-epiphysis interface
and GP-metaphysis interface, scale bar =10 pum; H, I Representative enlarged SEM
images from the GP to epiphysis and the GP to metaphysis, blue arrows pointing to

the sharp transformation from the GP to epiphysis in (H) and mineral particles in (I),
scale bar =400 nm; J, K The EDX line scanning from (J) the epiphysis to GP and (K)
the GP to metaphysis, showing Ca and P distribution across the interfaces, the red
dotted line marked the interface region; L, M Enlarged SO staining image and SEM
image of (L) the GP-epiphysis interface and (M) the GP-metaphysis interface, as well
as corresponding EDX mapping of Ca, P and O, the dotted lines showing the regions
of elemental transition, scale bar =100 pm; SO, Safranin-O staining; (n = 3/group
from 9 donors in D-I, L, M). Source data are provided as a Source Data file.
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Fig. 3 | The chemical distribution maps of the GP-epiphysis interface and GP-
metaphysis interface revealed by Raman microscopic detection technology.
A, C Raman spectra collected in the 300 ~ 1300 cm™ from GP to (A) epiphysis and
(C) metaphysis at different area (zone 1-6) in (B) and (D), The information of
marked Raman shifts: PO,> v; band at 950 - 960 cm™, PO,*> v, band at

430 -433 cm™ and PO,* v, band at 573 -590 cm™ and CO5* v; band at 1071cm’™;
B, D The maps of ACP (950 cm™), ACP/HAp interfering peaks (955 cm™), HAp
(960 cm™) and GAG (1410 cm™) in B) GP-epiphysis interface and D) GP-metaphysis
interface by SRS imaging, scale bar =10 pum; E, H Raman peak intensity maps of

Mineral/Collagen

Epiphysts ¢

PO,*> v; band at 960 cm™ and corresponding maps of full-widths at half-maximum
(FWHM) of the peak at 960 cm™ at (E) GP-epiphysis interface and (H) GP-metaphysis
interface, scale bar =5 pm; F, I The maps of CO5* v; band at 1071 cm™ and CO5*/
PO, ratio at (F) GP-epiphysis interface and (I) GP-metaphysis interface, revealing
the ionic substitution of minerals in both interfaces, scale bar=5pm; G, J The
mineral to collagen maps (960 cm™ to 1595 - 1700 cm™) of G) GP-epiphysis inter-
face and (J) GP-metaphysis interface, revealing relative content and distribution of
HAp, scale bar =5 pm. Source data are provided as a Source Data file.
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tration of crystal assembly process at the GP-epiphysis interface;
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donorsin (A, B, D, E); F Schematic illustration of the crystal assembly process at the
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GP-metaphysis interface; G, H EELS spectra taken at P L,s-edge, C K-edge, Ca Ly3-
edge, N K-edge and O K-edge collected from different mineral particles in zone 1-4
in (I) and (J); I, J EELS maps corresponding to the spatial distribution of Ca in
magenta (collected at Ca Ly;-edge), O in yellow (collected at O K-edge) and N in
cyan (collected at N K-edge) of selected HAADF-STEM images in Fig. S18, from (I)
GP-epiphysis and (J) metaphysis, scale bar =20 nm. Source data are provided as a
Source Data file.

electron microscopy (cryo-TEM) and selected area electron diffraction
(SAED). The nanocrystals with diameters ranging from 5-10 nm
appeared at the frontier of the GP-epiphysis interface (Fig. 4Ai, Bi),
which gradually transformed into bulk platelets (Fig. 4A-C, Figs. S10,
S11, S12A, S13). Differently, at the mineralization front of the GP-
metaphysis interface, amorphous clusters with total dimensions of
150-200 nm, consisting of nanometer-sized building blocks, strands
of spherical units, and nodules, were observed (Fig. 4Di, Ei, Figs. S14A,
SI5A, S16A, B and Fig. S17A)*". These structures corresponded to the
spherical structures and amorphous phase shown in Figs. 2, 3,
respectively. As mineralization progressed, the ACP-like clusters
mineralized into poorly crystalline nanoparticles with diameters of
5-10 nm, which continued to grow by oriented particle attachment, a
process frequently found in the early stages of crystallization in the
non-classical mineralization pathway®*>** (Fig. 4Dii, Eii, F, Figs. S12B,
S14B-D, S15B, C). These nanoparticles eventually transformed into
single bulk crystals. The crystal platelets then aggregated into mineral
spherulites (Fig. 4Diii, Figs. S14E, S15D, E, S16C, D), which spread across
the collagen fibrils and grew larger until complete mineralization of the
fibrils (Fig. 4Div, Eiv, Figs. S14F, G, S15F, S16E-G). Similar mineral
assembly processes at the GP-epiphysis and GP-metaphysis interfaces
were also observed in GP samples of human phalange tissue (Figs. S13,
S16, S17).

To further elucidate the local chemical microenvironment of each
mineral phase at two GP interfaces, an analysis using high-angle
annular dark-field-scanning transmission electron microscopy
(HAADF-STEM) equipped with electron energy loss spectroscopy
(EELS) was performed (Table S2). The signal intensity of calcium (Ca

L,; edge) and phosphate (P L,; edge) increased across both interfaces,
showing the increasing inorganic mineral content (Fig. 4G, H). Simul-
taneously, the carbonate and nitrogen signals were more intense at the
front of both soft-hard interfaces and became weaker as the mineral
matured (Fig. 4G, H). Moreover, carbonyl groups (peak B) and nitrogen
(peak B) signals were interspersed in ACP-like structures and poorly
crystalline minerals at the GP-metaphysis interface (Fig. 41, J, Figs S18,
19), which may be attributed to the presence of proteins either within
or surrounding the minerals®. Thus, disparate chemical environments,
such as proteins and GAGs, may contribute to the distinct CaP trans-
formation patterns dat two interfaces.

The biomolecule-based regulatory mechanism of GP-guided
polarized long bone elongation

Next, we performed liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) to reveal regulatory proteins at the two interfaces
(Fig. 5A, Fig. S20). Among the 4678 proteins detected, 33 were sig-
nificantly enriched at the GP-epiphysis interface compared to GP, and
18 exhibited significantly higher expression levels compared to epi-
physis. These enriched proteins at the GP-epiphysis interface are
mainly grouped under cartilage matrix and ECM modulators and
mineralization inhibition regulators, playing a critical role in main-
taining cartilage matrix homeostasis and delaying mineralization
(Fig. S21, Table S3). For the GP-metaphysis interface, 15 proteins were
significantly enriched compared to GP and 10 proteins compared to
metaphysis, indicating that the GP-metaphysis interface serves as a key
region for balancing cartilage cytoskeletal maintenance and the reg-
ulation of mineralization (Fig. S22, Table S4).
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F Summary diagram of the macromolecule-based regulatory mechanism of GP-
guided polarized long bone elongation; G Representative cryo-TEM and SAED
images of prepared ACP after 1d and 42 d of reaction at 37 °C, scale bar =200 nm;
H Representative images of STEM images, EDS mapping images of Ca, P, N, O and
SAED pattern of the ACP particles after 1d and 42 d of reaction at 37 °C, scale
bar =100 nm/50 nm, (n =3 per time point). Source data are provided as a Source
Data file.
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mineralization-promoting enzymes, ENPP1 and ALPL at the GP-metaphysis inter-
face, these proteins accelerate the formation of ACP and its transformation to HAp
and facilitating the progression of the mineralization front.

Next, we mainly focused primarily on proteins associated with
mineralization regulation. Notably, secreted phosphoprotein 1 (SPP1)
and alpha 2-HS glycoprotein (AHSG) were significantly enriched at the
GP-epiphysis interface compared to the GP (Fig. 5B), which was further
confirmed by immunofluorescence staining (Fig. 5D, Fig. S23A, B). SPP1
and AHSG are able to chelate Ca ions to inhibit HAp nucleation and
growth*, leading to the suppression of mineralization at the GP-
epiphysis interface. Enrichment of SPP1 and AHSG was also found at
the GP-metaphysis interface compared to GP tissue (Fig. 5C, E,
Fig. S23C, D). Besides, Ecto-nucleotide pyrophosphatase phospho-
diesterase 1 (ENPP1) and alkaline phosphatase (ALPL) are highly
expressed at the front of the GP-metaphysis interface (Figs. 5C, E,
Fig. S23E, F). ENPP1 can hydrolyze adenosine triphosphate (ATP),
generating adenosine monophosphate (AMP) and pyrophosphate
(PPi), which is then hydrolyzed by ALPL to inorganic phosphate (Pi),
thus providing phosphate sources to facilitate the mineralization
process at the GP-metaphysis interface®. In coordination with Ca ions
provided by SPP1 and AHSG, proteins expressed at the GP-metaphysis
interface provide a biomineralization-promoting condition for rapid
bone lengthening.

In addition to the biomacromolecules, ions such as iron (Fe?*) and
strontium (Sr*'), detected by FIB-SEM equipped with time-of-flight
secondary ion mass spectrometry (TOF-SIMS), were only enriched in a
10 pm-wide region at the front of the GP-epiphysis interface compared
to the GP-metaphysis interface (Fig. S24).

Based on published studies and our findings, we outline the
macromolecule-based regulatory mechanism that governs GP-guided
polarized long bone elongation (Figs. 5F, 6) and attempt to manipulate
the mineralization process, including maintaining a stable ACP phase
and controlling ACP-HAp transformation in vitro, using these reg-
ulatory proteins. ATP was added to provide the phosphorous source in
this system. After sufficient reaction of ATP and ENPP1, ALPL was
added to the solution to produce Pi by hydrolysis of PPi. ASHG was
added to the CaCl, solution to form calciprotein particles and regulate
calcium-phosphate deposition. Subsequently, the two solutions were
mixed to produce calcium phosphate precursors (Fig. S25A). After

5min of reaction at 37°C, clusters with obvious contrast were
observed by cryo-TEM, which revealed spherical amorphous particles
with a diameter of 50-150 nm after 30 min and exhibited typical ACP
morphologies*® after 2 h (Fig. S25B). SAED and EDS mapping further
confirmed the non-crystalline state of the prepared ACP particles. In
this system, the biomolecule-stabilized ACP precursors can maintain
their amorphous feature for at least 35 days at 37 °C (Fig. S26). After
42 days of reaction at 37 °C, ACP precursors underwent phase transi-
tion and precipitated into HAp crystals, producing needle-like and
platelet-like mature morphologies (Fig. 5G, H). These outcomes col-
lectively reveal that ACP was successfully fabricated by proteins found
at the GP-metaphysis interface in the human knee joint.

To assess the ACP’s ability to transform into HAp on-demand, we
introduced additional ALPL into the stabilized ACP to produce suffi-
cient Pi (Fig. S27), thus facilitating further mineralization. HR-TEM
results revealed that ACP began forming a crystalline structure within 7
days and fully transformed into HAp within 14 days, demonstrating its
ability to transition from storage to functional material when needed
(Fig. S28).

These results highlight the translational potential of our highly
stable ACP as a bioinspired material for bone regeneration. Its mild
synthesis conditions, extended stability, and ability to transition into
functional HAp make it an ideal candidate for on-demand biomedical
applications.

Discussion

Previous research highlighted the adaptive nature of bone tissue
structure and mineralization in response to external loading?***7%, In
the case of GPs, studies have shown that the mechanical properties of
different zones contribute significantly to tissue adaptation and
growth”?, In this study, our results show that the GP-epiphysis
interface undergoes a sudden change in mechanical properties while
the GP-metaphysis interface exhibits a gradient transition. The epi-
physis, with its remarkable stiffness, likely acts as a protective shell and
prevents catastrophic damage to the resting zone in GPs upon impact,
thus ensuring the survival of the stem cell reservoir and facilitating
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bone development*®, The stiffness gradient from the GP to the meta-
physis facilitates load redistribution, which has been reported to be
beneficial for biomineralization during bone lengthening***°. During
long bone lengthening, bone tissue dynamically responds to
mechanical stress and optimizes its structures and compositions?*°,
Our research extends this understanding by examining how the dif-
ferent mechanical properties of the epiphysis and metaphysis con-
tribute to distinct adaptive responses towards mechanical loading.
These responses lead to variations in structural transformations and
biomineralization performance at these two soft-hard interfaces,
suggesting that applying different patterns of external mechanical
loading could be a promising approach for regulating mineralization
in vitro.

Previous studies have observed CaP particles and their assembly
in the ECM within GPs"*"*, which share a remarkable similarity to the
minerals observed in this study. However, the nanoscale mineral
assembly has not been addressed in prior research. The fractal-like
hierarchical architecture of minerals at the nanoscale in mature human
bone tissue has been well investigated®>. By demonstrating the nano
HAp crystal assembly during biomineralization in developing human
bone, our research complements the existing knowledge and provides
a more comprehensive view of the structural integrity of human bone
tissue (Fig. 4). Moreover, Raman results (Fig. 3) revealed two different
mineralization distribution patterns at the GP-epiphysis interfaces
(sharp HAP distribution) and the GP-metaphysis interface (gradual
ACP-HAp transformation), which were largely associated with their
distinct mechanical microenvironments (Fig. 1) and chemical envir-
onments (Figs. 2, 4).

ACP is widely accepted as the vital precursor and intermediate
phase during biomineralization. Although the presence of ACP in ECM
vesicles of developing bone has been reported a few decades ago™*¢,
the limited availability of samples and characterization methods have
hindered the full investigation of the ACP-like phase in human bone
tissue. While previous studies have provided quantitative and quali-
tative insights into collagen, proteoglycans, mineral composition,
carbonate levels, and crystallinity in the GP and surrounding bone
tissues by Raman and Fourier transform infrared (FTIR)
spectroscopy>* ¢, they have not reported the detection of an amor-
phous phase during the mineralization process, especially in human
samples. In this study, we confirmed the existence and transformation
of ACP as the mineralization precursor during human bone lengthen-
ing by multiple high-resolution imaging technologies (Figs. 3, 4). It’s
widely recognized that ACP precursors are released from intracellular
vesicles via exocytosis and organelles, with mitochondria®® and
lysosomes*’. One limitation of our research is the lack of investigation
into the connection between ACP precursors and cellular behavior
during GP mineralization.

Non-collagenous proteins (NCPs) have been regarded as key fac-
tors in stabilizing ACP and regulating biomineralization®**°. However,
the specific proteins involved and their cooperative mechanisms
during biomineralization remain unclear. Based on published studies
and our findings, we propose a macromolecule-based regulatory
mechanism that governs GP-guided polarized long bone elongation
(Figs. 5F, 6). At the GP-epiphysis interface, the abundant calcium and
phosphate ions in the ECM are prevented from precipitation by bio-
mineralization inhibitors like SPP1 and AHSG***°, Moreover, the ion
distribution, such as Fe*" and Sr** around the GP-epiphysis interface,
may also play a role in inhibiting crystal growth®*' and maintaining the
inhibition state at this interface. Together, these factors establish an
additional line of defense against mineralization. While at the GP-
metaphysis interface, enrichment of SPP1 and AHSG likely contributes
to the transient stabilization of ACP and poorly crystalline minerals,
preventing prematurely rapid HAp formation during GP mineraliza-
tion. Furthermore, the inhibitory effect of these two proteins on cal-
cium phosphate mineralization is abolished by the enzymatic activity

of the resident cells*®®. PPi produced by hydrolysis of ATP by
ENPP1*%* at the beginning of GP mineralization could maintain an
extracellular bioreservoir of phosphate. As the mineralization pro-
gresses, PPi is actively enzymatically cleaved by ALPL into Pi®***. The
enzymatic activity of ALPL on PPi not only abolishes the inhibitory
effect on biomineralization but also generates phosphate ions to
promote mineralization. PPi or Pi-packed granules chelate calcium
ions and form the disordered calcium phosphate as mineral precursors
and promote intrafibrillar mineralization of bone tissue. Nevertheless,
several limitations exist in our study. The manual dissection process
may introduce residues from adjacent tissues into the interface, which
could mask proteomics data variations and potentially account for the
differences in replicates. Moreover, the regulatory mechanism of
polarized GP mineralization proposed in our study is speculative. To
further elucidate the in situ protein distribution in their biological
context and their interaction with resident cells at high resolution,
advanced technologies such as correlated light microscopy and elec-
tron microscopy (CLEM) need to be employed in multiple replicate
samples in the future.

In recent years, constructing ACP to achieve biomimetic miner-
alization has been a hot topic in the field of bone tissue engineering.
ACP has been successfully stabilized by proteins®'°, polymers**®*, small
molecules® and ions®’". However, the reconstructed ACP stabilized by
protein segments and polymers can only maintain its metastable state
for several hours or days®**®. In addition, the biocompatibility of the
ACP is limited by the acidic condition or toxic stabilizing agents®’. In
this study, based on the speculative mineralization mechanism at the
GP interfaces, we fabricated highly-stable ACP that maintained its
amorphous state for over 35 days at 37 °C with pH of 7.0-7.4, through
strategic protein combination. Stabilizing ACP under mild physiolo-
gical conditions for such a long period advances our understanding of
controlled mineralization processes, preventing pathological miner-
alization and developing biomedical materials for in bone regenerative
medicine and tissue engineering. By adding ALPL protein, the ACP
particles were transformed into HAp in vitro. By adjusting the con-
centration and combination of these proteins and different ions, we
aim to create ACPs with adaptable sizes, structures, assemblies and
orientations, tailored for diverse applications in future bone regen-
erative medicine.

Methods

Sample preparation

Ethical approval for this study was obtained from the Second Affiliated
Hospital of Zhejiang University Ethics Committee (2022LSYD0923)
and Second Hospital of Shanxi Medical University Ethics Committee
(Ethics No. 2019YX260). Written informed consent was obtained from
the legal guardians of all donors, in accordance with institutional
guidelines. The growth plate (GP) samples were procured from
patients undergoing amputation surgery due to osteosarcoma or
trauma (n=6) or from individuals with polydactyly (n=4). All data
were fully anonymized prior to analysis. Only sex and age ranges were
used in reporting (Table S1), with no inclusion of personal identifiers,
clinical centers, or rare disease identifiers that would allow participant
re-identification. All specimens were carefully selected to ensure the
absence of pathological tissue, and a small section was extracted for
histological examination to confirm their normalcy. The GPs, along
with the epiphyseal and metaphyseal tissues, were meticulously har-
vested, washed with sterile phosphate-buffered saline (PBS), and
stored at -80 °C for subsequent analysis. Each tibial sample was divided
into four portions: one for histology and immunofluorescence stain-
ing, another for high-resolution analyses (including SEM, Cryo-TEM,
FIB, AFM, and others), a third for XRM, and the final portion for LC-MS
analysis (Fig. S29). Due to size limitations, phalange samples were
divided into only two parts: one for histology and the other for high-
resolution analyses such as SEM and TEM.
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Histology and immunofluorescence staining of GP, GP-epiphysis
interface and GP-metaphysis interface

To prepare for histological and immunofluorescence staining, GP
samples underwent fixation in 4% (w/v) paraformaldehyde for 24 to
48 h. For Safranin O staining (Solarbio), the samples required dec-
alcification in ethylenediaminetetraacetic acid (EDTA) for 3 weeks,
followed by dehydration in graded ethanol, clearing in xylene, and
paraffin embedding. Samples were sliced (7 um) using a Leica slicer.
For IF staining, non-decalcified samples were cryo-sectioned (10 pm)
and blocked in 5% bovine serum albumin (BSA) for 1, 2 h. Then, the
samples were left to incubate with primary antibodies overnight at
4 °C, followed by PBS washing, and then incubated with fluorescein-
conjugated secondary antibodies (Abcam) for 1.5h at 37°C. DAPI
(Beyotime) was used for visualizing the cell nuclei. Observation was
done with a Zeiss LSM 880 confocal microscope. Primary antibodies
used were: SPP1 (Santa, sc-21742), AHSG (Proteintech, 66094-1-g),
ALPL (Proteintech, 11187-1-AP), ENPPI (Abcam, ab223268). Mineralized
tissue was visualized with 10 pM calcein (DOJINDO) for 20 min at room
temperature, which enabled clear observation of the mineralized
structures under confocal imaging conditions.

XRM

As described previously, the GP samples (n=2, 0.5 mm long x 0.5 mm
wide x1cm height, with GP, epiphysis and metaphysis tissue) were
obtained from the healthy tissue of osteosarcoma patients. The sam-
ples were trimmed into a cube with plain epiphysis and metaphysis
surfaces. Subsequently, the samples underwent 1% compressive strain
in the axial direction, and the sample were scanned by an X-ray
Microscope (Xradia 620 Versa, Zeiss) before and after straining,
obtaining three-dimensional structural information of the sample. To
ensure the integrity of the samples and maintain their biomechanical
properties, XRM imaging was conducted under fully hydrated condi-
tions. During the scanning process, the samples were immersed in PBS
at room temperature. This immersion was maintained for the entire
duration of the scan to prevent dehydration. Scan parameter settings
are listed as follows: The scan field of view was 11.28 mm high and
11.28 mm wide. Images were collected before and after the GP sample
was compressed by 105 um under a preload of 4.25 N, waiting 15 mins
for load relaxation and then micro-CT scanning (5.64 pm per voxel)
was performed with the stabilized sample. The total scan time was
2.1h. The 3D datasets of static and strained sample were visualized,
processed and analyzed using the Digital Volume Correlation (DVC)
module in Amira 6.5 (Thermo Fischer). Spatial information of local
displacements and strain magnitude was calculated and presented in
correlation with the sample morphology according to the software
manual.

Methods for 3D DVC analysis using amira software

DVC analysis was conducted with Amira software in accordance with
the guidelines offered by Thermo Fisher Scientific (https://www.
youtube.com/watch?v=mQdvNcLKRig&list=PLoxdPzacxPYjDVMD4tP
CaVbuQjxYizr_g&index=3). Initially, the 3D data of both undeformed
and deformed samples underwent processing. Non-sample compo-
nents were eliminated, and the volumes of interest, such as those
containing the GP, epiphysis, and metaphysis tissues, were extracted.
The average displacement level was determined by comparing 2D sli-
ces of the undeformed and deformed volumes. Subsequently, a global
DVC mesh was constructed from the undeformed volume data, with
the cell size configured to approximately four times the maximum
displacement. The DVC global approach was then initiated, employing
the reference mesh of the undeformed volume data and correlating it
with the deformed volume. Regularization was incorporated, and the
max iteration was set to 20 while the convergence criteria were set to
0.001. The displacement was visualized by enabling the Displacement
View module, presenting displacement data alongside sample slices.

The strain along the z-axis (Ezz) was extracted and displayed in con-
junction with undeformed sample slices and the 3D sample surface
view. Additionally, a cube was sectioned from the interior to exhibit
the strain distribution on the xz and yz planes, accompanied by a
colormap legend where positive values denote tensile strain and
negative values denote compressive strain.

AFM

The Cypher atomic force microscope (Oxford Instruments Asylum
Research, USA) was performed to describe the micromechanical
properties of both GP-bone interfaces (n =3 for each interface). The
150 pm cryo-sectioned samples underwent washing and immersion in
PBS for subsequent measurement. A grid of 32 x 32 pixels in 5x 5 pum
area was measured by silicon nitride cantilevers (AC160TS-R3, Olym-
pus) with a tip radius of 9 + 2 nm and a spring constant of 26 N/m. The
speed of ramping was set at 3 pm/s until reaching a force of 6 pN,
followed by retracting the tip at the same speed. The Hertz model with
a conical tip was applied to analyze the Force-Displacement (FD) data
for fitting Young's modulus. The Origin software was used to analyze
the data and real map images. 4 areas were measured across each
interface.

SEM, DDC-SEM and EDX analyses

For scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis, cryo-sectioned GP samples (30 um),
including continuous epiphysis, epiphysis-GP interface, GP, GP-
metaphysis interface and metaphysis tissue were rinsed with double
distilled water to remove optimal cutting temperature compound (OCT)
and then dehydrated by a graded ethanol (20% to 100%) for 30 min in
each solution. Next, the samples underwent gold sputtering before
observation (HITACHI SU5000), 5kV accelerating voltage for collecting
secondary electrons (SE) and observation of microstructure. Density-
dependent color SEM (DDC-SEM) images were acquired at 10kV,
employing both backscattered electron (BSE) mode and SE mode. DDC-
SEM images were processed using Image J software, with the green for
SE images, the red for BSE images, and two channels stacked to produce
single images. Additionally, EDX spectra were collected in point, line,
and mapping modes to analyze the elemental compositions of the
interfaces. EDX spectra were collected in point, line, and mapping
modes to analyze the elemental compositions of the interfaces.

Sample preparation, data acquisition, processing, and three-
dimensional image reconstruction of FIB-SEM
The frozen samples of the GP-metaphysis interface (2 mm x2 mm x2
mm) were fixed in a 2.5% (w/v) glutaraldehyde solution for over 12 h at
4°C. Following this, the samples underwent a series of treatments:
rinsing in PBS three times for 15min each, immersion in a solution
comprised of 2% osmium tetroxide and 3% potassium ferrocyanide
(mixed in a 1:1 ratio) for 1 h at 4°C, followed by triple rinsing in double-
distilled water for 10 min each. Subsequently, the samples were treated
with a 1% (w/v) thiocarbohydrazide solution for 20 min, followed by
triple rinsing in double-distilled water for 10 min each. After fixation in
a 2% (w/v) osmium tetroxide solution for a duration of 30 min at
ambient temperature and another round of triple rinsing in double-
distilled water, the samples were submerged in a 1% (w/v) uranyl
acetate solution for an overnight period (over 12h) at 4°C. After
washing with double-distilled water for 10 min, 3 times, the samples
underwent dehydration using a series of ethanol concentrations (30%,
50%, 70%, 90%, and 100% twice), with each solution applied for 30 min.
Then the samples were moved into 100% acetone solution for 20 min,
twice. Next, the samples underwent gradient penetration in epoxy
resin and were embedded in resin.

The resin blocks were trimmed by ultramicrotome (Leica) until
the surface of the sample in the resin blocks became visible. SEM
imaging (Thermo Fisher, Teneo VS) was utilized to locate the region of
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interest, followed by imaging with a dual beam SEM (Thermo Fisher,
FIB Helios G3 UC) once the area of interest was identified. After iden-
tifying the area of interest, the serial-surface view mode was employed
with a slice thickness of 5 nm at 30 keV and 0.79 nA. In each serial face,
backscatter mode (BSE) imaging was conducted using a 2kV accel-
eration voltage and a current of 0.2 nA, employing an IVD detector.
The resolution of each image was 3072 x 2048 pixels, with 15 us and
4.25 nm per pixel.

The image stacks were first carefully aligned and denoised using
the anisotropic diffusion function available in Amira Software 2019
(Thermo Fisher). Following this, a threshold-based segmentation
method for volume rendering was applied to ensure the accurate
representation of collagen and mineral structures. For the analysis of
mineral tesselles, label analysis tools within Amira were used to mea-
sure their aspect ratios. In addition, to achieve clear 3D visualization,
the image stacks underwent consistent alignment and processing, with
threshold parameters tailored to ensure the best possible distinction
between relevant structures.

Stimulated Raman scattering microscopy (SRS)

SRS was conducted in liquid state with a commercial SRS microscope
(Multimodal Nonlinear Optical Microscopy System, UltraView, Zhen-
dian (Suzhou) Medical Technology Co., Ltd, China), equipped with the
InSight X3 (Spectra-Physics/Newport; pulse width, <120 femtose-
conds; tuning range, 680 to 1300 nm) femtosecond laser as light
source, supplying tunable pimp beam and fixed Stokes beam. The
tested samples (n =3) were observed by a microscope equipped with
20 X NA 0.8 objective (Olympus) lens and an SRS detection module.
The pixel count of each image was 512 x 512. The mapping of ACP
(950 cm™), ACP/HAp compounds (955cm™), HAp (960 cm™), GAG
(1410 cm™), protein (1660 cm™ and 2925 cm™), lipid (2850 cm™) were
analyzed by ImageJ and customized software (SpecFinder). And the
final exhibited images were cropped from the original 512 x 512-pixel
images.

Raman spectroscopy

Raman spectroscopy was performed under liquid conditions. The
samples (n =3) were cryo-sectioned into 30 um without fixation. After
washing with double distilled water to remove OCT, the samples
underwent observation utilizing a confocal Raman microscope (Lab-
RAM Odyssey) that was outfitted with a 532 nm excitation wave-
length and a grating with 1800 grooves per millimeter. The scanning
was conducted over a 20 um x 20 um square area with 1600 points.
The spectra were gathered within the range of 200 - 1800 cm™ utilizing
an electron multiplying charge-coupled device (EMCCD) detector,
featuring a spectral resolution of approximately 0.5 cm™. The mapping
images were obtained by continuous scanning of 1600 points in a
20 um region for each image with an accumulation time of 0.5s per
point. The HAp contents (960 cm™), CO5* substitution (1071cm™),
mineral crystallinity (full width at half maximum, FWHM of
960 cm™peak), and CO5*/PO,* ratios in mapping images were ana-
lyzed by LabSpec software.

Cryo-TEM observation and tomographic reconstruction

For Cryo-TEM observation and tomographic reconstruction, the GP-
epiphysis interface and GP-metaphysis interface samples (about 2 mm
each sample, and 3 samples for each interface) were prepared by high-
pressure freezing (HPF) combined with freeze substitution (a mixture
of 0.1% osmium tetroxide, 0.1% uranyl acetate, 0.5% glutaraldehyde,
1.5% H,0 and 100% acetone). The high-pressure freezing (HPF) was
carried out using a Leica EM ICE system. The samples were placed into
carriers (Leica 16770141, Type A) with 1-hexadecene as the cryopro-
tectant. Freeze substitution was conducted using the Leica EM AFS2
apparatus with a substitution mixture. After substitution, the samples
were embedded in Spurr resin for further analysis. Then the specimens

were sectioned to 150 nm-thick onto bare 100-mesh copper grids by an
ultramicrotome (Leica EM UC7) with a cryo-chamber to maintain the
samples under -150 °C. The slices were observed in a cryo-TEM (FEI
Talos F200C 200 kV). For tomographic reconstruction, regions of
interest were imaged by tilting the grid in 2° steps from 56° to —56°.
The weighted back-projection method was utilized for tomographic
reconstruction. Segmentation and 3D visualization were performed
using Amira 2019.1 (Visage Imaging Inc., Andover, MA, USA).

TEM, HR-TEM, SAED, STEM and EELS analyses

For TEM, HR-TEM, STEM, EELS and SAED analyses, the sample pre-
paration was the same as Cryo-TEM. The samples were sectioned to
100 nm-thick onto bare 100-mesh copper grids by an ultramicrotome
(Leica EM UC?7) for further observation. Slices containing GP-epiphysis
and GP-metaphysis were prepared separately. The slices underwent
imaging in a transmission electron microscope (TEM) with spherical
aberration correction (FEI Titan G2 80-200), which was furnished with
an EELS detector, operating at 80 kV. Regions of interest underwent
TEM, HR-TEM, and SAED pattern analyses. The areas for EELS analysis
were localized by HAADF-STEM imaging. For EELS mapping, a whole
EELS spectrum was acquired at each area. EELS spectra were acquired
within the range of 200 - 600 eV to investigate the characteristic edges
of elements (P, C, Ca, N, O). Each EELS mapping image contained about
20000 spectra. Principal component analysis (PCA) was applied for
spectrum calibration, normalization, background subtraction, and
processing. Gatan Digital Micrograph software was employed for the
analysis of STEM images and EELS.

Sample preparation for proteomics

Entire bulk growth plate tissue (n=3) was isolated to accurately seg-
ment the growth plate regions for proteomics analysis, as depicted in
Fig. S30. From the visual structure of the growth plate, the epiphysis
and metaphysis were easily distinguishable and were separated for
proteomic analysis. Then samples were cryo-sectioned into 100 um,
and after sectioning, the slices were segmented by scalpel blade under
a stereomicroscope into five parts: epiphysis tissue, epiphysis-GP
interface tissue, GP tissue, GP-metaphysis tissue and metaphysis tissue
(Fig. S31). About six 100 pm-thick slices were required for each group.
The cryo-sectioned samples were segmented manually using a ste-
reoscope, which enables discrimination of five types of tissues. For
digestion, the samples of each group were transferred to 0.6 mL Ep
tube and then diluted with 20 pL of 100 mM NH4HCOj; for 10 min at
95°C. Next, 1L of trypsin (1pg/pL) was added to the samples for
overnight digestion (12 h) at 37 °C. Following digestion, any remaining
debris was eliminated via centrifugation at 14,000 g for 15 min at 4 °C.
The supernatant containing peptides was collected for further
experiments. Peptides were quantified using a Nanodrop spectro-
photometer (ND-2000C, Thermo) and equal amounts of peptides
were taken for desalting. The pH of the peptide solution was adjusted
to 2-3 by the addition of 20% trifluoroacetic acid (TFA) (Macklin).
Desalting was performed using 1.9 pum Reprosil-Pur C18 beads (Dr.
Maisch, Ammerbuch, Germany) according to the manufacturer’s
instructions, with equilibration by 20 pL of 0.1% TFA. After equili-
brating by 20 pL of 0.1% TFA, the samples were eluted with 0.1% TFA in
80% acetonitrile (Thermo) and subsequently dried using a vacuum
concentrator for further analysis.

LC-MS/MS analysis

For LC-MS/MS analysis, tryptic peptides were solubilized in 0.1% for-
mic acid (Thermo Fisher) and immediately introduced onto a specia-
lized reversed-phase analytical column filled with 1.9 pm Reprosil-Pur
C18 beads (Dr. Maisch, Ammerbuch, Germany). During the process,
the gradient elution involved a gradual rise from 3% to 8% solvent (0.1%
formic acid in 98% acetonitrile) over 3 min, followed by increases to
20% over 37 min, then to 30% over 12 min, and finally reaching 80%
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over 4 min, maintaining this level for the last 4 min. This process was
conducted at a consistent flow rate of 300 nL/min using an UltiMate
300 nanoLC system. Next, the peptides underwent NSI source initia-
tion, followed by tandem mass spectrometry analysis using the Orbi-
trap Exploris 480 (Thermo Fisher), which was integrated with the Ultra
Performance Liquid Chromatography (UPLC) system for online cou-
pling. The electrospray voltage was adjusted to 2.0 kV. The full scan
mass-to-charge range spanned from 400 to 1200, with intact peptides
detected in the Orbitrap at a resolution of 60,000. Peptides were
subsequently chosen for LC-MS/MS analysis, employing a normalized
collision energy (NCE) setting of 27, and ensuing fragments were
identified in the Orbitrap with a resolution of 15,000. A data-
dependent approach was employed, alternating between a single MS
scan and 20 MS/MS scans with a dynamic exclusion of 30 s. Automatic
gain control (AGC) was configured at 5E4. The compensation voltages
for FAIMS were adjusted to —45V and -65V.

Database search for proteomics

The LC-MS/MS data were processed using the MaxQuant search
engine (version 1.6.15.0). The tandem mass spectra were compared
against the Uniprot Human database concatenated with the reverse
decoy database. Trypsin was designated as the cleavage enzyme,
permitting a maximum of 2 missed cleavages. The mass deviation for
precursor ions was defined as 20 ppm during the initial search and
5 ppm during the primary search, while the mass deviation for frag-
ment ions was set at 0.02 Da. A fixed modification of carbamidomethyl
on Cys and a variable modification of oxidation on Met were stipu-
lated. The label-free quantification approach (LFR) was employed, with
the Benjamini-Hochberg FDR adjusted to below 1%. Peptides were
required to achieve a minimum score exceeding 40.

Proteomic analysis

The LC-MS/MS data was processed using the MaxQuant search
engine (version 1.6.15.0). Initially, the tandem mass spectra were
aligned with the Uniprot Human database in conjunction with a
reversed decoy database. Trypsin/P was employed as the enzyme
for protein cleavage, permitting up to 2 potential missed clea-
vages. During the initial search, the precursor ion mass tolerance
was established to 20 ppm, while for the main search, it was
tightened to 5 ppm. Additionally, the tolerance for fragment ion
mass was set at 0.02 Da. A fixed modification of carbamidomethyl
on cysteine was designated, while oxidation on methionine was
treated as a variable modification. The LFQ method was applied
for label-free quantification, with the FDR adjusted to <1%, and a
minimum peptide score threshold of >40 was established.

The DEP package (version 1.20.0) was employed for down-
stream analysis in R (version 4.3.3). Protein intensities were first
filtered to remove: (1) reverse database matches, (2) common
contaminants (from MaxQuant’s contaminant database), and (3)
proteins identified solely by site-specific modifications. Proteins
with at least two valid intensity values in 250% of samples within
at least one experimental group were retained. Missing values
(defined as intensities below the detection limit in technical
replicates) were imputed using the K-nearest neighbors algorithm
(k=10, Euclidean distance metric, with 100 iterations and a fixed
random seed set.seed =123). Variance-stabilizing normalization
(VSN) was applied to reduce technical variation, as it effectively
stabilizes variance across a wide range of intensity values and
minimizes heteroscedasticity commonly observed in label-free
quantification datasets. Differential expression analysis was per-
formed using the limma-voom framework with empirical Bayes
moderation. Significant proteins were defined as those with an
adjusted p-value <0.05 (Benjamini-Hochberg FDR) and an abso-
lute log2 fold change > 1. For visualization, the top 500 proteins
were selected based on the highest absolute moderated t-statistic

values to maximize group discrimination. Volcano plots were
generated with FDR-adjusted p-values on the -logio scale and
log, fold changes on the x-axis, using ggplot2 to highlight pro-
teins meeting significance criteria in red. Heatmaps were clus-
tered using Euclidean distance and complete linkage clustering
for both samples and proteins, with row-wise Z-score normal-
ization to visualize expression patterns. PCA plots were con-
structed from variance-stabilized intensities of the top 500
discriminatory proteins, with samples colored by tissue type and
ellipses representing 95% confidence intervals. Quality control
metrics included: (1) Pearson correlation matrices of sample
intensities to assess technical replicate consistency, (2) distribu-
tion plots of missing values per sample to identify outliers, and
(3) principal component analysis of all detected proteins to verify
biological group separation.

TOF-SIMS analysis

The sample preparation for TOF-SIMS mirrors that of FIB-SEM. Utiliz-
ing FIB-SEM combined with TOF-SIMS (Thermo Fisher, Helios 5 UX),
the distribution and relative abundance of chemical constituents
within the samples were analyzed. Throughout the examination, the
samples’ surfaces encountered pulses of gallium ion beams. The
resulting secondary ions were extracted at a voltage of 10kV, and a
reflection mass spectrometer was utilized to gauge their time of flight
from the samples to the detector. Each region measured 100 x 100 pm,
comprising 256 x 256 pixels, with 500 scans conducted per area. Both
positive and negative ion mass spectra were acquired. The two-
dimensional chemical heatmaps with a color-coded scale, showing the
intensities of detected secondary ion signals and indicating the relative
ion abundance of the scanned area, were analyzed and obtained by
TOF-SIMS Explore software.

Preparation of biomolecule-stabilized ACP

Buffer solution 1 was prepared by dissolving 140 mM NaCl
(Aladdin) and 50 mM Tris in deionized water, and the pH of buffer
solution 1 was adjusted to 7.4 with HCl (Diamond). Calcium
solution was prepared by dissolving 40 mM CaCl2 (Aladdin) in
buffer solution 1. Buffer solution 2 was prepared by dissolving
100 mM Tris-HCI (Diamond), and 5 mM MgCI2 (Sigma-Aldrich) in
deionized water, and the pH of buffer solution 2 was adjusted to
9.0 with NaOH (Sigma-Aldrich). Thereafter, all approaches were
conducted in a clean bench. Buffer solution 1, calcium solution,
and buffer solution 2 were sterilized by percolating the solutions
through a 0.22 yum membrane filter. AHSG solution as well as ALPL
solution were prepared by dissolving 2 mg/mL active recombi-
nant human fetuin A/AHSG protein, and 1 mg/mL recombinant
human ALPL protein in buffer solution 1, respectively.
ENPP1 solution was prepared by dissolving 0.5 mg/mL recombi-
nant human ENPP1 protein in buffer solution 2. AHSG, ALPL and
ENPP1 were purchased from ABclonal.

In reaction solution A, 5uL of 100 mM ATP solution (Novopro-
tein), 32 uL ENPP1 solution, and 3 uL buffer solution 2 were mixed and
incubated at 37 °C for 1h. Then 10 uL of ALPL solution was added,
followed by a 10-min incubation. In reaction solution B, 5uL AHSG
solution, 25l calcium solution, and 20 uL buffer solution 1 were
mixed and incubated at 37°C for 10 min. The 50 pL reaction solution A
and reaction solution B were mixed in a 1:1 ratio and incubated at 37 °C.
At 5min, 15min, 30 min, 1h, 2h,12h,1d,3d,5d, 7d,10d, 14d, 21d,
28d, 35d and 42 d, samples of the mixture were collected with a 300-
mesh gold support grid (Zhongjingkeyi Technology Co., China)
for TEM.

Regulation of ACP to HAp
The regulation process was based on the above-described preparation
of biomolecule-stabilized ACP. After mixing reaction solution A and
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reaction solution B at a 1:1 ratio, an additional volume of ALPL solution
was added to achieve a final ALPL concentration of 200 ug/mL in the
entire system. The mixture was then incubated at 37 °C. Samples were
collected at 1, 4, 7, and 14 days and subsequently characterized using
Cryo-TEM, SAED and EDS mapping to observe the phase transforma-
tion from ACP to HAp.

Cryo-TEM, STEM, SAED and EDS mapping of ACP

The samples of reconstructed ACP for Cryo-TEM, STEM imaging and
EDS mapping were prepared as said above. The ACP was collected in
300-mesh gold support grids for further cryo-TEM and STEM obser-
vation. The ACP samples were observed in a cryo-TEM (FEI Talos
F200C) at 200kV. The samples for STEM were imaged in a field
emission TEM (JEOL JEM-F200) at 80 kV. STEM-EDX mapping (Ca, P, N,
C) and SAED were performed in the areas of interest.

Phosphate ion release assay

SuL of 100mM ATP solution was mixed with 32ul 0.5mg/mL
ENPP1 solution and 3uL buffer solution (140 mM NaCl and 50 mM Tris,
pH=7.4). After 1h incubation at 37°C, 10 uL of 1mg/mL ALPL was
added into the reaction solution, and phosphate release was measured
after 2h, 4 h, and 6 h. Phosphate concentration was quantified with a
Phosphate Assay Kit (MAK308-IKIT, Sigma-Aldrich) following the
protocol. In brief, the reaction solution was diluted with DI water by
gradient, and mixed with the Malachite Green Reagent by the volume
ratio of 1:2. After 30 min of incubation at room temperature, the
absorbance at 620 nm was measured with a spectrophotometer
(NanodropTM One, Thermo Scientific). The phosphate concentration
of the reaction solution was calculated by contrasting the absorbance
to the standard curve. Theoretically, 10 mM ATP should produce
20 mM Pi; however, 25.4 mM Pi was observed. This suggests that a
certain concentration of phosphate may be present in the lyophilized
protein powder, likely originating from the buffer in the original pro-
tein solution.

Statistics & reproducibility

Investigators were blinded to group allocation throughout data col-
lection and analysis. Unless specified otherwise in figure legends, all
experiments, including those yielding representative images such as
micrographs, were independently repeated at least three times with
similar results using three biological replicates. Data are presented as
mean * SD. Statistical differences between group means were analyzed
using Origin software (Version 2024). For comparisons involving more
than two groups, a one-way ANOVA with Tukey’s post hoc test was
used. Comparisons between two groups were performed using two-
way ANOVA followed by Tukey’s post hoc test. A p-value < 0.05 was
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Supplementary
Information file/Source Data file. The mass spectrometry proteomics
data generated in this study have been deposited in the iProX database
(http://www.iprox.org) under accession code IPX0010900000.
Source data are provided with this paper.
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