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Abstract

Bone biomineralization is an exquisite process by which cells control the synthesis and
organization of a hierarchically mineralized matrix. Growing evidence has uncovered the
involvement of one class of extracellular vesicles, the matrix vesicles (MVs), in the formation
and delivery of the first mineral nuclei to the bone growth front. MVs are nanoreactors equipped
with specific biochemical machinery and released by mineral-competent cells and to initiate
mineral formation. However, little is known about the pathways by which MVs can template
and trigger this process. Here, we present a combination of /# situ investigations and ex vivo
analysis of MVs extracted from growing-femurs of chicken embryos to investigate the role played
by phosphatidylserine (PS) in the formation of the mineral nuclei. By using self-assembled
Langmuir monolayers, we reconstructed the nucleation core- a PS-enriched motif present inside
MVs and already thought to be the entity responsible to trigger mineral formation during
mineralization. /n situ infrared spectroscopy of Langmuir monolayers and ex situ analysis by
transmission electron microscopy evidenced that mineralization was achieved within 240 min

on supersaturated solutions only when PS was present. Amorphous calcium phosphate nucleated
by PS was converted into biomimetic apatite after 24 h of incubation. By using monolayers
containing lipids extracted from native MVs, mineral formation was also achieved after 240 min
in a manner that resembles the artificial monolayers containing PS. We raise the possibility that
PS-mediated nucleation could be a predominant pathway to produce the very first mineral in the
bone/cartilage mineralization.
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Introduction

Biomineralization of hard tissues such as bone and dentin takes place during its formation,
development, remodeling and repair, being remarkable for involving a complex spatio-
temporal sequence of events regulated by bone-forming cells. However, a big question

that still perdures on the understanding of bone formation, is the origin of the mineral
phase. Seeking to overcome an inhibitory barrier that limits the amount of free calcium and
phosphate ions, cells must work in orchestration to trigger the accumulation of these ions in
a very regulated spatio-temporal manner(Reznikov et al., 2020).

Matrix vesicles (MVs) are mineralizing extracellular vesicles thought to be responsible

to initiate the precipitation of the very first mineral nuclei on bone biomineralization.
(Anderson, 1967) and (Bonucci, 1967) individually visualized mineral-related particles

in mineralized cartilage using electron microscopy, which were later recognized as
mineralizing MVs. Despite over 50 years of studies, questions about the detailed
mechanism(s) by which MVs are secreted and initiate mineralization remain elusive
(Wuthier and Lipscomb 2011; Bottini et al. 2017). The /n vivo identification of MVs
under native conditions, differentiate them from other extracellular vesicles and the precise
characterization of mineral formation mediated by these structures /7 vitro are the main
challenges that created skepticism from several researchers regarding the function of MVs
on bone formation.

MVs act as a smart nanoreactor due to two main properties: they display an elegant
enzymatic machinery working in orchestration to control the phosphate/pyrophosphate
ratio; and mineral formation on MVs can be specifically templated by their lipid/protein
composition. The biochemical machinery of MVs is quite complex. Regarding the

control of phosphate/pyrophosphate ratio, two phosphatases, namely, orphan phosphatase
1 (PHOSPHOL1) and alkaline phosphatase (ALP) act in concert with a third enzyme,
ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), each one producing or
hydrolyzing phosphate (Pi) and pyrophosphate (PPi) necessary to achieve concentrations
required to trigger mineralization (Dillon et al., 2019; Millan, 2013). MVs are also enriched
in phosphate transporters (Beck, 2019), and annexins that might be involved in the binding
and transport of Ca2* to the inward of MVs (Bolean et al., 2015; Bottini et al., 2018).
Lastly, MVs have specific lipid composition that differentiate them from their progenitor
cells (Abdallah et al., 2014). The specific lipid content is an important modulator of their
enzymatic activity/function (Bolean et al., 2020, 2010; Derradi et al., 2019; Favarin et al.,
2020; Siméo et al., 2010). This complex enzymatic machinery is required to trigger a local
Pi/PPi ratio control, increasing the local supersaturation of Ca2* and Pi and mediating the
collagen mineralization.

There is growing evidence of the involvement of extracellular vesicles on the mediation
of collagen mineralization, which highlights the importance of studying the pathways
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by which MVs control mineral nucleation. MVs have been observed /n vivo strongly
attached to collagen fibrils (Anderson et al., 2004). Moreover, mineral bodies have been
observed translocated from inside the cells to the extracellular matrix (Boonrungsiman et
al., 2012; lwayama et al., 2019; Kerschnitzki et al., 2016; Mahamid et al., 2011b, 2010).
The composition of these structures, i.e., their protein and lipid content, was not determined
in these studies, so it is not possible to relate them to MVs. On top of that, it has been
proposed a mitochondrial origin for mineral-loaded vesicles (Boonrungsiman et al., 2012;
Iwayama et al., 2019; Pei et al., 2018), but the relation of these structures with MVs or

if MVs could be originated from a mitochondrial pathway is still debatable. Independently
of nomenclature/biogenesis pathway, these studies revealed that extracellular vesicles could
control biomineral precursor phase nucleation and further deliver to propagate collagen
mineralization. In case of MVs, it has been proposed that the nucleation ability resides

in a nucleation core inside their lumen, that nucleates calcium phosphate by a phospholipid-
dependent manner(Jiao et al., 1997).

The idea that phospholipids could control the nucleation of calcium phosphate started

from seminal studies of bone ultrastructure by histological and lipid solubilization of
mineralizing epiphyseal cartilage (Irving and Wuthier, 1968; Wuthier, 1969). Observing
that most part of phospholipids were closely associated with the newly mineral phase
formed in the primary ossification and that, upon increased mineralization, these lipids
could only be extracted after tissue demineralization (Wuthier, 1971), it was postulated that
phospholipids, mainly acidic ones, might play a role in the ossification (Cotmore et al.,
1971). Phospholipids associated to minerals were later extracted from mineralized tumor
(Anghileri and Dermietzel, 1973) and calf bone (Boskey and Posner, 1975) revealing that
these complexes could be an integral entity of bone. It was discovered them the existence
of a PS-enriched acid-labile structure in the lumen of MVs(McLean et al., 1987; Register
et al., 1986) responsible for their nucleation ability. This PS-enriched structure inside the
MVs is called nucleation core. Characterization of isolated nucleation core from native
MV:s revealed to be composed by ~1 nm diameter subunits formed by clusters of Ca* and
phosphate ions, and amorphous calcium phosphate (ACP) its major mineral component (Wu
etal., 1997).

The nucleation core of MVs have been extensively studied /in7 vitro by Wuthier’s group
(Genge et al., 2007; Wu et al., 2009, 2008, 1996). These studies advanced to demonstrate
that PS is the major entity responsible for the mineralization ability of the nucleation

core. Their approach was to recreate the nucleation activity of MVs by adding PS in
supersaturated solutions. From this, several features, such as the reduction of the nucleation
efficiency of PS in presence of other phospholipids or some cations (e.g. Mg2* and Zn?*)
were determined. Moreover, the nucleation ability of PS can be triggered by addition of
highly charged proteins (i.e. annexin). All these characteristics, as known nowadays, are
indicative of an amorphous-mediated pathway. However, earlier studies on reconstitution
of the nucleation core were performed only in bulk solution, which do not determine the
importance of the interfacial processes, and lack in the analysis of the process by a multistep
crystallization point-of-view.
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To further delineate mechanisms of calcium phosphate nucleation and growth in PS-enriched
interfaces, we explored calcium phosphate nucleation using Langmuir monolayers. The
advantages of this technique are the possibility of accessing thermodynamic parameters
associated to the accurate control of the composition and the organization of the monolayer
while allowing the coupling of several techniques for /n-situ characterization (Caseli et

al., 2015; Derradi et al., 2019). Thus, we mimetized the mineral triggering ability of the
nucleation core of MVs by simply using a PS-enriched Langmuir monolayer. We show that
PS-enrichment at membranes creates domains for local increase of supersaturation, leading
to the nucleation of ACP at the interface though a multistep process.

Materials and methods

Isolation of MVs from femurs of chicken embryos

The protocol used for the extraction of MVs used a collagenase digestion step (Buchet

et al., 2013). Briefly, 20 chicken embryos (17 days after fertilization) were sacrificed

by decapitation. The femurs were dissected and slices (1-3 mm thick) of the epiphyses/
growth plates finely cut and digested for 3 h, at 37°C, in synthetic cartilage buffer (SCL)
buffer supplemented with 1 mM CaCls and type | collagenase (Sigma, from Clostridium
histolyticum) at concentration of 300 U/g of tissue. After digestion, the suspension was
filtered through a nylon membrane (100 um). The supernatant was centrifuged at 600 g to
collect all released cell material. The MVs were purified by consecutive centrifugations at
20,000 g for 30 min and 80,000 g for 1 h, both at 4°C. The final pellet was homogenized in
200 pL of SCL, which is a buffer that mimic the native environment of MVs in the cartilage,
and stored at 4°C(Wu et al., 1997). SCL is composed of 1.42 mM NaH,PQy, 1.83 mM
NaHCO3, 12.7 mM KClI, 0.57 mM MgCl,, 5.55 mM D-glucose, 63.5 mM saccharose, 16.5
mM Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol), 200 mM NaCl, 0.7 mM NaySOy in
water at pH 7.6. All procedures involved in the euthanasia of animals were approved by the
ethics committee of FFCLRP protocol 19.1.842.59.13.

Characterization of isolated MVs

Alkaline phosphatase (ALP) activity was determined by the hydrolysis of p-nitrophenyl
phosphate (p-NPP, Sigma-Aldrich) in a reaction medium containing 10 mM p-NPP and

1 mM MgCl, in AMPOL buffer (2-amino-2-methyl-1-propanol), pH 10.3, at 37°C. The
reaction was monitored by changes in the absorbance at 405 nm related to the formation of
the yellowish product p-nitrophenolate (p-NP)™ and the specific activity expressed as umol
pNP~/min/mg of protein. The total protein content was determined by Hartree methodology
(Hartree, 1972). The protein profile of MVs was evaluated by SDS-PAGE electrophoresis
using 10 % polyacrylamide gel and stained with silver nitrate. The size of the MVs in SCL
was evaluated by Dynamic Light Scattering (DLS) (Zeta Sizer Nano ZS, Malvern). The
morphology of the MVs was evaluated by Atomic Force Microscopy (AFM) (Shimadzu
SPM-9600). MVs (0.5 pg/mL) in SCL were fixed with 1% (v/v) glutaraldehyde and the
suspension dropped in a freshly-cleaved mica plate, dried under ambient temperature and
analyzed by AFM using dynamic mode, as detailed described in (Bolean et al., 2017).
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The mineralization of MVs was evaluated in SCL supplemented with 2 mM Ca2* and 3.42
mM NaH,PQy, at 37°C. The concentration of MVs in the medium was standardized at 20 ug
of protein/mL. After 24 h, the samples were centrifuged, dripped on a carbon-coated copper
grid, and analyzed by TEM (JEM-2100-JEOL).

Extraction of the lipid fraction from MVs

The lipid fraction of the MVs was obtained from the protocol developed by Abdallah et

al. (Abdallah et al., 2014). Briefly, 100 pL of the MV suspension was mixed with 400 pL
of methanol:chloroform (2:1 ratio), and shaken vigorously for 1 min, and then incubated

at room temperature for 30 min. Chloroform and water were subsequently added to the
supernatant. The phase separation was performed by centrifugation at 2,000 g for 10 min.
The chloroform phase containing the lipid fraction of the MVs was then collected and used
immediately for analysis.

Langmuir monolayers and surface pressure (it ) vs area (A) isotherms

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC; purity > 99%, Avanti Lipids) and
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS; > 99%; Avanti Lipids) or the lipid
extract from MVs were used to build the Langmuir monolayers, using a Langmuir trough
(Insight Brazil, 216 cm?2). Monolayers were obtained after spreading the lipids solubilized
in chloroform:methanol (3:1 ratio) on a subphase containing either ultrapure water (surface
tension of 72.3 mN m~1 and conductivity 1.1 uS cm1, at 25°C) or the solution of interest.
After spreading the lipid solution, the monolayer was compressed at a rate of 0.42 mm?

s~1 with a constant temperature of 25 + 1°C and the r changes were acquired using a
Wilhealmy plate, to construct the rt-A isotherms.

The isothermal compressibility ;' of the monolayers was calculated from the slope of the
rt-A isotherm in a given value of area occupied by molecule (A), according to the equation
1. The condensation state of the monolayer was identified from the values of ¢y ! at a given
1t according to (Davies and Rideal, 1963). Liquid-expanded (LE) state of the monolayer

is characterized by c; ! values ranging from 12 to 50 mN/m, liquid-condensed states (LC)
from 100 to 250 mN/m and solid state from values higher than 1000 mN/m.

_ d
= -a(5%), 1)

The Gibbs free energy of excess, AGeyc, for the DPPC:DPPS (8:2) mixture was calculated
from the integration of the t - A isotherms of the mixed monolayer and the monolayers of
the pure components, according to the equation 2,

T
A Gexe = / (A2 = (x141 + x2A))dn 03]
]

where Ay, is the area occupied by the molecule in the mixture of components 1 and 2.
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In situ mineralization of Langmuir monolayers

Results

Mineralization of the Langmuir monolayers was carried out with a modified SCL buffer
(m-SCL) composed by 10.0 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES), 5.13 mM NayHPQOy4, 1.83 mM NaHCO3, 12.7 mM KCI, 0.57 mM MgCly, 3.0
mM CaCl,, 100 mM NaCl, 0.7 mM Na,SO4. The pH of solution was adjusted to 7.4

and promptly used for the experiments. All experiments were performed at 25°C and

1t kept constant at 30 mN/m simulating the lipid organization in cells (Blume, 1979).

During the experiment, aliquots were collected from the subphase below the movable barrier
for subsequent potentiometric measurement of the concentration of free Ca?* ([Ca2*]fee)
using an ion-selective electrode (Bante Instruments, Shanghai, China) using a Bante320
multiparameter meter.

Phase-modulated infrared absorption spectroscopy (PM-IRRAS) of mineralizing monolayers
was performed /7 situ in the Langmuir trough, at £ = 30 mN/m, in the 800-4000

cm~1 range, with a resolution of 8 cm™ using a KSV PMI550 spectrophotometer (KSV
Instruments) coupled to a polarizer modulator PEM100. The incidence angle was 81°. The
spectra are presented as a function of the PM-IRRAS signal, obtained from the equation
S=AR/R=(Rp-Rs)/(Rp + Rs), where Rp and Rs are the reflectance obtained from

the incident beam polarized parallel (s) or perpendicular (p) to the plane of incidence. The
PM-IRRAS signal is presented as AS = (S - Sp) / Sp, where S is the response obtained for
the subphase covered with the Langmuir monolayer and Sy is the response obtained for

the pure subphase. The changes in morphology of the monolayers due to mineralization

as a function of time was investigated by TEM (JEM-2100-JEOL microscope) through the
transfer of the monolayers to carbon-coated copper grids. After 240 min of mineralization,
the material formed at the air-liquid interface was collected and immediately analyzed by
Fourier-transform infrared spectroscopy (FTIR) coupled with an attenuated total reflectance
(ATR) accessory (Shimadzu-IRPrestige-21).

The surface zeta-potential (C) of the samples was measured in a surface C-potential cell
(ZEN 1020) hyphened to a Zetasizer Nano ZS (Malvern Instruments). Mobility of the tracer
particles (polystyrene nanospheres — Duke Scientific Corporation, 200 nm, = - 54.6 +
7.04 mV in pure water) in the vicinity of the charged test surface mounted on a dip cell

was measured by phase analysis light scattering and a simple model used to describe the
electroosmotic flow near the fitted surface [30]. To this, Y-type LB film bilayers were
transferred to silicon samples equal or smaller than 7 mm x 4 mm and with thickness of

1 mm, maintaining the surface pressure constant at 30 mN m~1. After the transference, the
samples were immersed in the m-SCL for different periods. The sample holder was carefully
mounted in liquid medium to avoid LB film disruption. Measurements were repeated at least
three times at 25°C.

Isolation and characterization of MVs

Collagenase-released MVs presented spherical shape and average diameter of 200 nm (Fig.
1a-b). The purity was confirmed by SDS-PAGE, which indicated their characteristic bands
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(Supplementary Figure S1a—b)(Wuthier and Lipscomb, 2011). DLS measurements attested
the size distribution of MV centered at 200 nm (Supplementary Figure S1c) as described

in the literature for these class of vesicles (Zhang et al., 2005). The extract containing

the MVs exhibited higher ALP activity when compared to cell lysate (Fig. 1c). Increased
ALP activity is an intrinsic characteristic and a marker of MVs functionality (Anderson,
1995). To verify the function of MVs, the ability of these structures to mineralize was
determined. Incubation of MVs in SCL supplemented with 2 mM CaCl, and 3.42 mM
NaH,PO, leaded to an increase in the turbidity of the dispersion within 3 h (Supplementary
Figure S1d) that was associated to the beginning of mineralization by association of Ca2*
and Pi inside the vesicles (Plaut et al., 2019). Although SCL is a supersaturated solution
regarding the most important biominerals (see Supplementary Table S1), it does not induce
a significant mineralization by itself as probed by turbidity (Supplementary Figure S1),
attesting that MVs are essential to initiate mineralization. TEM images (Figure 1d—e) show
the presence of spherical structures with regions of higher contrast after 24 h of incubation
in the mineralizing medium, confirming the formation of mineral by the MVs. There was a
heterogeneous population of vesicles in terms of mineralization degree as suggested by their
different contrasts (blue arrow, Fig. 1d). Although it was not possible to conclude on the
location of the mineral phase by the TEM images, dark edges in some vesicles (red arrow,
Fig. 1d) indicated that mineral formation was membrane-driven, in accordance with AFM
of MVs under hydrated conditions (Plaut et al., 2019). The absence of rings in the electron
diffraction pattern of the mineralized structures indicated the precipitation of amorphous
material and elemental analysis by EDS (Fig. 1e) attested to the presence of Ca and P (Ca/P
ratio = 1.0), typical of ACP.

Langmuir monolayers mimicking MVs lipidic composition

Langmuir monolayers of selected lipid compositions allowed us to obtain thermodynamic
parameters to investigate the effect of specific lipids on nucleation ability of MVs.
Monolayers were built in a subphase containing the supersaturated solution m-SCL, at
25°C (composition of m-SCL is described in Supplementary Table S1). Firstly, monolayers
composed of DPPC and DPPS (Fig. 2) and the mixture (DPPC:DPPS 8:2, molar ratio) in a
proportion similar to the one found in MVs was studied. The features of DPPC and DPPS
isotherms (Fig. 2a), recorded at 25°C in subphase containing the m-SCL solution, were in
accordance with previous reports (Chen et al., 2010; Ma and Allen, 2006). DPPC isotherm
(Fig. 2a, black line) exhibited an onset molecular area at 100 A2, corresponding to the
beginning of the liquid-expanded (LE) phase, and a plateau at 7t ~ 10 mN m~1 in the range
of 65-80 A2, corresponding to LC-LE phase coexistence region. The increase of r after
this plateau is assigned to the formation of pure LC phase. The phase transitions were also
demonstrated by changes in the Cs~1 values of the monolayers (Fig. 2-inset). Static surface
elasticity values (Cs™1) are a measurement of the tendency of the monolayers to resist to the
compression at a given rt, translating also into the packing state of the monolayer. Higher
Cs~1 values indicates more compact monolayer. DPPS isotherm (Fig. 2, blue line) exhibited
an onset molecular area at 55 A2 and a better packing, revealed by the displacement to
smaller mean molecular area, compared to pure DPPC monolayers. This was assigned to the
smaller size of the serine group present on DPPS polar head compared to the choline group
present at DPPC. Compact monolayers are a characteristic feature of phospholipids with
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small polar heads, e.g. DPPS, which facilitate strong van der Waals interactions between
the nonpolar tails, in addition to the possibility of hydrogen bonds with the subphase
(Hauser et al., 1981). The absence of phase-coexistence region is also a characteristic of
DPPS isotherms. The mixed DPPC:DPPS (8:2) (Fig. 2, red line) resembles the pure-DPPC
isotherm with a slight expansion to higher molecular areas at condensed states. This might
indicate repulsive interactions between the phospholipid molecules in the mixture. Indeed,
calculation of the AGgy for the DPPC:DPPS (8:2) mixture attested the formation of a
non-ideal mixture (AGgy > 0) and the predominance of non-favored interactions between
the lipid molecules in the mixed monolayer over the pure ones (Supplementary Figure
S3). At = 30 mN/m, the pure DPPC, DPPC:DPPS (8:2), and pure DPPS monolayers
displayed Cs~1 values higher than 200 mN/m, indicating that molecules are assembled in
a LC state that resembles the lipid packing found in the liquid-ordered phases dispersed

in a liquid-disordered matrix in biological membrane (Vollhardt and Fainerman, 2006).
Therefore, 30 mN/m was the = chosen value for the mineralization experiments.

Mineralization induced on Langmuir monolayers composed by lipids of selected
compositions

DPPS monolayers efficiently induces mineral formation within 240 min of reaction, as
shown in Fig. 3. To attest localized mineral formation at the air-liquid interface, changes

in the chemical composition of the DPPS monolayer along the mineralization experiment
was followed by PM-IRRAS (Fig. 3a). This infrared spectroscopy technique is sensible to
the presence and orientation of chemical groups at the air-liquid interface (Volpati et al.,
2014), and identify events occurring restricted to the interface. As shown in the PM-IRRAS
spectrum of the DPPS monolayer (Fig. 3a), longer is the reaction time, greater are the
changes in the spectral region of 1150-950 cm™L. At this spectral range, it is expected to
observe absorptions from the v3 and v; domains of the PO43" group in the growing mineral
phase (Rey et al., 2014). However, other bands related to absorptions from chemical groups
of the phospholipids can also be found in this range (see Supplementary Table S2). The
intensity of the band at 1020-1040 cm™1 ascribed to the absorption of the v3 of PO4 groups
in calcium phosphates (marked by the blue box in Fig. 3a) increased after 180 minutes,
indicating the formation of Ca-phosphate species at the interface. This result corroborates
previous investigations conducted experimentally (Habraken et al., 2013) and by molecular
dynamics (Lin and Chiu, 2017) showing that Ca-phosphate species typically absorb in this
infrared region. Formation of ACP at the DPPS monolayer after 240 min of mineralization
was evidenced by FTIR spectrum of the material collected from the air-liquid interface (Fig.
3b). A broad band centered at 1030 cm™ (v3 PO,4) with a small shoulder at 950 cm™1

(v1) are spectral characteristics of ACP formation(Rey et al., 2014). TEM images of the
DPPS monolayer after 240 min of reaction shows particles with high contrast forming a
homogenous film (Fig. 3c). SAED confirmed the formation of amorphous structures (Fig.
3c-insert).

Changes in the [Ca2*]see in the subphase measured /n-situ along mineralization in the
presence of the DPPS monolayer gave insight into the multistep process occurring at
the interface (Fig. 3d). Within the first 60 min, no significant changes in the [Ca2* ;e
was observed. However, from this time on, it was observed a decrease in the [CaZ*]free,
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indicating the consumption of CaZ* from the subphase to form the ACP at the interface
mediated by PS polar heads. Measurements of DPPS bilayer surface C-potential revealed a
decrease of the negative surface charge along the mineralization (Fig. 3e). Ca2* interacts
with DPPS polar heads (Melcrové et al., 2016) as confirmed by the decrease in the
C-potential of the DPPS bilayer in presence of Ca%*. The DPPS bilayers induced the
stabilization of calcium-phosphate complexes that specifically interacts with the lipid
headgroup in the calcium phosphate supersaturated solution. The coalescence of these
complexes leads to the formation of ACP as indicated by a “more electroneutral” interface
after 240 min.

In order to access the ability of DPPS to stabilize ion complexes with the Ca* and
phosphate ions to trigger the ACP nucleation, we performed a titration experiment to infer
about chemical speciation in solution during pre-nucleation stages (Supplementary Figure
S3). By using the approach developed by (Habraken et al., 2013), a Ca2* stock solution
was slowly titrated to a phosphate solution in presence of phosphoserine, a water-soluble
mimetic of the DPPS headgroup, as additive. In this experiment, we evaluate changes

in the [Ca?*Jfree regarded to the addition of Ca2* ([Ca2*],qq) to the solution. Therefore,
information about the equilibrium between bonded and free ions in solution was accessed.
One import step during this crystallization experiment is the pre-nucleation stage, i.e.

a linear range in the [Ca2*]see Versus [Ca2*]aqq curve before any bulk precipitation is
observed. This stage is marked by an equilibrium between soluble association complexes
between Ca2* and phosphate ions. In presence of phosphoserine, we observed a change

in the slope of the prenucleation stage (Fig.S3-inset) due to changes in how the solution

is assimilating Ca2*, which denote specific association between the ions and the charged
PS group. This evidences the ability of PS to induce specific associations with Ca%* and
phosphate ions that leads to the ACP nucleation.

In native MVs, PS molecules are dispersed in a lipid membrane, therefore the next step was
to evaluate the effect on mineralization by DPPS molecules diluted in a DPPC monolayer,
mimicking a native-like lipid composition. Unlike in DPPS monolayer, the structures formed
on DPPC:DPPS (8:2, molar ratio) monolayer are heterogeneously distributed along the
surface (Fig. 4). Spherical structures of ~ 5 nm with amorphous SAED pattern are observed
forming the micrometric aggregates. After 12 h, this amorphous phase crystallizes (as shown
by the presence of diffraction rings in the SAED patterns), forming platelets homogeneously
distributed along the monolayer. This morphology is characteristic of biomimetic apatite
(Habraken et al., 2013; Hentrich et al., 2017). After 24 h, these structures grow leading

to the monolayer rupture and formation of crystalline agglomerates with micrometric
dimensions.

DPPC monolayers did not induce mineral formation within 240 min. This was evidenced by
no significant changes in the PM-IRRAS spectra of the monolayer along 240 min of reaction
(Supplementary Figure S4). Monolayers composed of pure DPPC did not promote formation
of mineralized structures after 240 min, as shown by TEM images (Supplementary Figure
S5). Moreover, absence of mineralization in the pure DPPC monolayer was corroborated by
analysis of the rheological behavior of the monolayers upon mineralization (Supplementary
Figure S6). Rheological properties of the monolayer are dependent on the dynamic packing
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behavior of molecules (Rodrigues et al., 2018). DPPS monolayers had higher viscoelastic
components compared to DPPC monolayer during the mineralization experiment. After

60 min, the viscoelastic component of the complex rheological behavior values (G”) for
the DPPC monolayer was 29 mN/m, while it was 87 mN/m for the DPPS monolayer.

The growing mineral phase on the DPPS monolayer enhanced the viscous effect to the
elasticity of the monolayer in a such way that enabled any compression/decompression
cycles after 3 h. This was in contrast with the pure DPPC monolayer, where it was possible
to monitor compression/decompression cycles. This is a macroscopic evidence of the dense
mineralization of the DPPS monolayer in a short time period. It is worth to highlight that
it is not a conclusion that DPPC monolayers are not able to mediate calcium phosphate
nucleation at all. Indeed, several papers in the literature describes DPPC membranes as
organic templates for heterogeneous calcium phosphate growth (Ruiz et al., 2017; Zhang
et al., 2004). However, in the experimental conditions and time frame herein used, it is
remarkable that DPPS monolayers induce faster mineralization than pure DPPC.

Mineralization induced on Langmuir monolayer composed by the lipid extract of MVs

To further explore mineral formation in a native-like lipid environment, the ability to induce
mineral formation on monolayers formed by the lipid fraction extracted from MVs was
evaluated. The lipid fraction extracted from the MVs forms an expanded monolayer that
reaches the LC state (Cs~1 > 100 mN/m) at = close to 30 mN/m (Supplementary Figure

S7), which is the surface pressure where the mineralization was evaluated. High expanded
monolayers are expected for monolayers composed by biological extracts due to presence
of non-identical lipids with different levels of unsaturation. PM-IRRAS of MV-lipid extracts
changed with the incubation time in the 1100-950 cm™! region (Fig. 5a), characteristic

of calcium phosphate absorption bands. This suggests the formation of calcium phosphate
complexes that enabled the nucleation of ACP at the interface.

TEM images of the monolayers transferred after 240 min (Fig. 5b) revealed the presence of
nanometric particles that aggregated into bigger structures (red arrow). It is worth to notice
the similarity between the mineral structures observed on the monolayer of the MV-lipid
extract (Fig. 5b) and the ones observed on the mixed DPPC:DPPS monolayer (Fig. 4b).

The nucleation points emerged on the monolayer leading to the aggregation of nanometric
structures into larger ones. It is now perceivable that the lipids in MVs had the ability to
induce mineral formation. This ability can be mimetized by a simple monolayer composed
by a DPPS-enriched monolayer, recreating /7 vitro the ability of the nucleation core of MVs
to induce mineral formation.

3. Discussion

Altogether, our findings suggest a multistep crystallization pathway for calcium phosphate
formation within the MVs mediated by the PS-enriched nucleation core. Calcium phosphate
nucleation was fastly induced on DPPS-enriched monolayers. Since no mineralization was
observed in pure DPPC monolayers, it is notable that PS-enrichment is the driven force to
trigger mineral nucleation, recreating /n vitro, in conditions of membrane-like structure, the
nucleation ability of the nucleation core of MVs.
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Accumulation of phosphate and Ca2* under charged monolayers has been promptly
observed in supersaturated solutions (Uysal et al., 2013). However, the simple addition

and accumulation of the ionic species at the interface is not enough to promote mineral
phase formation, being necessary to decrease an energetic barrier to the nucleation of the
first nuclei (Garcia et al., 2019; Mancardi et al., 2017; Yang et al., 2019). To fulfill this
task, the role of the organic matrix in the nucleation of calcium phosphates comes into play.
Highly charged species act to stabilize calcium phosphate complexes (Yang et al., 2019),

as extensively studied for non-collagenous proteins and their charged polymers analogues
(e.g. polyaspartic acid). Zhao (Zhao et al., 2018) recently showed that osteocalcin bears
highly charged amino acid residues in a specific arrangement that helps the stabilization

of calcium phosphate complexes, energetically favoring their growth towards the formation
of ACP. Herein, we show that PS is able to stabilize pre-nucleation complexes prior to
ACP formation, mainly due to specific and favorable association between charged groups
in DPPS polar head and precursor ions from the solution. The ability to form energetic
favorable complexes between PS and surrounding Ca2* and phosphate ions has been also
proposed by other authors (Kesseli et al., 2020; Taylor et al., 1998; Wu et al., 2008).
Therefore, we revisited the studies from Wuthier’s group on the mineralization ability of
the nucleation core by proposing that specific arrangements between PS headgroups creates
metastable states that favor ACP formation within MVs. This multistep process goes in
accordance with the currently accepted mechanism for the formation of calcium phosphates
in biological media: the apatite formation occurs from an amorphous phase, which is the
result of the aggregation of calcium phosphate complexes(Dey et al., 2010; Habraken et al.,
2013; Mahamid et al., 2011a).

The existence of a PS-enriched nucleation core in the MVs can also be analyzed

from a thermodynamic point-of-view. The nucleation of the monolayer composed by

the DPPC:DPPS mixture, observed in Fig. 4, started by discreet dots distributed along

the interface, that aggregated into bigger assemblies. The AGgy. value found for mixed
DPPC:DPPS monolayer 8:2 (molar ratio) was +130 J/mol in the conditions in this study, at
1t=30 mN/m. Positive values for AGgy can be understood as the driving force that directs
the formation of lipid domains (Almeida, 2009) and has been described in the literature for
PC:PS mixtures (Boettcher et al., 2011; Ross et al., 2001). Thus, clustering of PS molecules
in the MVs is the origin of the nucleation core. PS-enriched nanometric domains within the
MVs membrane create local sites where ACP nucleation is favored. /n7 vivo, this mechanism
of PS-rich nanodomains formation may also have the participation of proteins. (Fail} et al.,
2008) demonstrated that the presence of annexin promotes intensification in the formation
of PS-rich nanodomains in lipid bilayers composed of PC/PS. Indeed, isolation of nucleation
core of MVs revealed the presence of annexins strongly bound to the PS-calcium phosphate
complexes extracted from native MVs(Wu et al., 1997). Therefore, it cannot be excluded
that mineral nucleation in MVs could also have the participation of other molecules different
than PS. Moreover, the origin of the nucleation core in the MVs, i.e., if it is formed before or
after their biogenesis is still an enigma to be unveiled in future studies.

Finally, the key function of PS in initiating mineralization is underlined by mutations of
phosphatidylserine synthase-1 responsible for the synthesis of PS /n vivo, causing excess
bone density and bone malformations (Sousa et al., 2014). Indeed, /in vitro gene silencing of
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phosphatidylserine synthase-1 inhibited osteoblast differentiation and mineralization (Brum
et al., 2017), attesting the major role that PS play on bone formation. This idea is elevated
by an elegant characteristic of MVs: they are a compartmentalized environment where
Ca?* and phosphate ions accumulate, thus creating a local high supersaturation to nucleate
ACP mediated by PS-rich nanometric domains, the so-called nucleation core of MVs. We
can summarize the ideas of how PS-mineral complexes might be involved in the bone
mineralization in the scheme presented in the Fig. 6.

4. Conclusions

DPPS-enriched Langmuir monolayers were suitable models to mimic the inner leaflet

of MVs to initiate mineralization. This was consistent with PS being the major entity
responsible for the biomineral nucleation ability of MVs (Wu et al., 2008). The
mineralization induced on DPPS-enriched monolayers was reproduced in a similarly manner
on the monolayers composed by lipid-extract of MVs. Therefore, Langmuir monolayers
were revealed as promising approach to determine lipid-lipid and lipid-protein interactions
occurring during the mineralization induced by MVs. Association with other advanced
characterization methods not used herein (e.g., cryo-TEM morphological analysis and 7n-situ
fluorescence and X-ray scattering/diffraction techniques) opens a window to future studies
using Langmuir monolayers to delineate molecular mechanisms of bone biomineralization.
Finally, our findings suggest the possibility of PS playing a major role during ossification,
making provision for future studies in order to unveil the origin of the biomineral precursor
phase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Characterization of MVs extracted from chicken embryo femurs: (a) AFM images by height

distribution and (b) 3D projection of the isolated MVs on mica. (c) ALP specific activity

for cell lysate and MVs fractions (umol pNP~/min/mg protein). Values are presented as
mean + standard error and statistical significance was assessed with t-tests (*p < 0.05).

(d) TEM images of the MVs after 24 h of mineralization in SCL (2 mM CaCl, and 3.42
mM NaH,POy,) at 37°C. (e) Enlarged TEM image of a pair of mineralized-vesicles and
their respective amorphous-like SAED and (f) the respective EDS spectrum indicating the
presence of Ca and P. The presence of Na and Cl is also observed due to the large amount of
NaCl in the SCL and Cu is from de TEM grid.
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Figure2.
7t -A isotherms of DPPC (black line), DPPC:DPPS (8:2, molar ratio) (red line) and DPPS

(blue line) monolayers in subphase containing m-SCL solution, at 25°C. Inset depicts the
Cs71 vs curves for the monolayers. Right panel: chemical structures of DPPC and DPPS
lipids.
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DPPS monolayers control calcium phosphate nucleation at the air-liquid interface. (a)
PM-IRRAS spectra in the 1150-950 cm™1 range for the DPPS monolayer in subphase
composed of the m-SCL mineralizing buffer (pH 7.4), at 25°C and rt = 30 mN/m.

Spectra were obtained at different time intervals for a period of 240 min. Blue box in

the spectra highlighted the region between 1045-1010 cm™1 assigned to the absorption
bands of evolving inorganic phosphate group. (b) FTIR spectrum in the region of v PO,3"
absorption obtained for the material collected from the monolayer of DPPS after 240 min
of mineralization. (c) TEM images and SAED (inset) of DPPS monolayers transferred to
Cu-grids after 240 min. (d) Potentiometric measurement of [CaZ*]fee in the subphase below
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the DPPS monolayer. (¢) Ex-situ analysis of surface C-potential of DPPS monolayers in
absence of Ca?* ions and after different mineralization time points (blue dots).
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After 24 h

Figure 4.
Morphology of DPPS-enriched monolayers after mineralization. TEM images and their

respective SAED electron diffraction patterns for the monolayers of DPPC:DPPS (8:2)
molar ratio, transferred after 240 min of mineralization at 25°C. For the mixed DPPC:DPPS
monolayer, the presence of nanometric complexes (~ 5 nm) indicated by the green arrow
aggregates into larger structures (purple arrow). It is observed that these initially amorphous
complexes crystallize after 12 h (red arrow in the SAED pattern). The formation of
micrometric aggregates and a complete rupture of the transferred monolayer is observed
after 24 h.
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Figureb.
Mineralization mediated by Langmuir monolayers composed of lipids extracted from MVs.

(@) PM-IRRAS spectra in the region between 1150-950 cm™1 for the monolayer formed by
the lipid extract of MVs, in subphase composed of the m-SCL mineralizing buffer (pH 7.4),
at 25°C and rt = 30 mN/m. Spectra were obtained at different time intervals for a period of
240 min. Blue boxes in the spectra highlight the region between 1045-1010 cm™1 assigned
to the absorption bands of evolving inorganic phosphate group. (b) TEM images for the
monolayer formed by the lipid extract of MVs transferred after 4 hours of mineralization at
25°C.
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Figure 6.
Role of MVs in the nucleation of calcium phosphates and in the mineralization of collagen

fibrils. Mineral-competent cells release MVs harboring an enzymatic machinery capable
of controlling the phosphate/pyrophosphate ratio required to trigger mineralization. These
vesicles are rich on phosphatidylserine (PS) in their lumen, creating a highly negatively
charged interface for nucleation and stabilization of calcium phosphate complexes. These
complexes evolve to the formation of ACP, the very first mineral phase in the MVs.
Vesicles filled with ACP could directly infiltrate within the collagen fibrils scaffold and
then transform to platelet-like crystals. This direct amorphous-apatite transformation has
been proposed /n vitro using confined polymer domains (Lotsari et al., 2018) and similar
structures (i.e. mineralized globules) has been observed in the collagen scaffold of zebra
fish fin tails (Mahamid et al., 2010) and avian leg tendon (Zou et al., 2020). Then,

MVs could breakdown and release their components to the mineralizing front, either by
mechanical stress or actions of phospholipases (Wu et al., 2002). Phospholipases are highly
active enzymes in the growth plate (Mebarek et al., 2013). This process could release
phospholipid-mineral complexes (associated or not with proteins) to direct the infiltration
of biomineral precursor phase in the gap region of collagen through a mechanism similar
to the proposed for non-collagenous proteins (Nudelman et al., 2010). Alternatively, these
phospholipid-mineral complexes could interact with non-collagenous proteins and then be
directed to the collagen matrix for mineralization.
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