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Abstract

Here we show that inorganic polyphosphate (polyP), a
polyanionic metabolic regulator consisting of multiple
phosphate residues linked by energy-rich phosphoanhydride
bonds, is present in the synovial fluid. In a biomimetic
approach, to enhance cartilage synthesis and regeneration,
we prepared amorphous polyP microparticles with Mg
as counterions. The particles were characterised by
X-ray diffraction (XRD), energy-dispersive X-ray (EDX)
and Fourier transformed infrared spectroscopic (FTIR)
analyses. Similar particles were obtained after addition
of Mg? ions to a solution containing hyaluronic acid, as
a major component of the synovial fluid, and soluble Na-
polyP. The viscous paste-like material formed, composed of
globular microparticles with diameter of 400 nm, strongly
promoted the adhesion of chondrocytes and caused a
significant upregulation of the expression of the genes
encoding collagen type 3A1, as a marker for chondrocyte
differentiation, and SOX9, a transcription factor that
regulates chondrocyte differentiation and proliferation. The
expression level of the collagen type 3A1 gene was also
enhanced by exposure of chondrocytes to synovial fluid
that was found to contain polyP with a size of about 80
phosphate residues. This stimulatory effect was abolished
after pre-incubation of the synovial fluid with the polyP
degrading alkaline phosphatase. We propose a strategy for
treatment of joint dysfunctions caused by osteoarthritis
based on the application of amorphous Mg?*-polyP
microparticles that prevent calcium crystal formation in
the synovial fluid using scavenging Ca?* ions (Mg*/Ca*
exchange) and enhance chondrocyte function after binding
of the Ca**-polyP to hyaluronic acid at the cartilage surface.
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Introduction

Osteoarthritis, the prevalent form of arthritis, is the most
common form of joint disease and disability in older people
(National collaborating centre for chronic conditions,
2008). It represents a complex musculoskeletal disorder
that is associated with multiple genetic, constitutional and
biomechanical risk factors (Murray and Lopez, 1997).
It has been estimated that in the USA, in 2009, $185.5
billion have been attributed to medical care for patients
with osteoarthritis (Kotlarz et al., 2009). This disease,
basically a broad clinical syndrome, is characterised by
a progressive loss of articular cartilage and chondrocytes
within the synovial joints that causes chronic joint pain and
functional limitations (Sharma et al., 2013).

The existing data suggest that changes in cartilage and
subchondral bone metabolism are not simply a passive
process and a result of an increased vascularisation as
well as microcrack formation in the joints, but an active
dysregulation of the tuned communication and signalling
pathways of the cartilage and the subchondral bone. In turn,
it has been suggested that an elucidation of the functional
behaviour of the chondrocytes and the osteoblasts in both
physiological and pathophysiological conditions might
be a rational and promising approach to develop effective
strategies for a therapeutic intervention of osteoarthritis.

It is generally accepted that chondrocytes and
osteoblasts are separate cell lineages that derive from
common mesenchymal progenitor cells (reviewed in:
Karsenty et al., 2009). However, evidence has been
presented that terminally differentiated hypertrophic
chondrocytes (Pacifici et al., 1990) can traverse to
osteogenic cells both in foetal and postnatal endochondral
bone (Yang et al., 2014). Osteoarthritis is characterised by
a 20-fold increase in subchondral bone turnover and in an
increased secretion of alkaline phosphatase (ALP) (Bailey
et al., 2004), osteocalcin, osteopontin, IL-6 and IL-8
from subchondral bone explants in osteoarthritis patients
(Mathy-Hartert et al., 2008). The enhanced bone anabolic
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activity of subchondral bone osteoblasts is not flanked by
an equivalent mineralisation, resulting in the formation of
osteoids (Day ef al., 2001).

Ca-pyrophosphate and Ca-phosphate crystals are
frequently found in the synovial fluid and tissues of
osteoarthritis patients (Gibilisco et al., 1984; Rosenthal,
2011). However, the role of those hydroxyapatite crystals as
actiological agents, during both initiation and progression
of pathogenesis of osteoarthritis, remains controversial
(McCarthy and Cheung, 2009; Pritzker, 2009). It has
been observed that the expression of genes involved in
mineralisation, e.g. human homologue of progressive
ankylosis, plasma cell membrane glycoprotein 1 and tissue
non-specific ALP, is upregulated in chondrocytes from
osteoarthritis patients containing Ca-phosphate deposits
in their cartilages. Based on those findings it is concluded
that articular calcification, a well-known phenomenon
occurring during late-stage osteoarthritis, is associated
with those altered gene expressions (Nguyen ef al., 2013).

The knee osteoarthritis is classified as either primary
(idiopathic) or secondary. The hyaline joint cartilage,
about 2 to 4 mm thick, is the main target where the
disease starts. It is impressive that 95 % of the hyaline
cartilage consists of an extracellular matrix (Fox et al.,
2009) which contains only sparsely distributed cells, the
chondrocytes. This matrix is composed of water, aggrecan,
collagen and proteoglycans; the latter component consists
of'decorin, biglycan and fibromodulin (Roughley and Lee,
1994). Aggrecan, the major proteoglycan in the articular
cartilage, provides, together with the associated hyaluronic
acid (HA, also termed hyaluronan), the cartilage with the
proper hydrated gel structure and the required load-bearing
properties (Kiani et al., 2002). HA is a potent hydrogel
that allows the formation of a bulky network with water
molecules. Different from most tissues, articular cartilage is
not traversed by blood vessels, nerves or lymphatic vessels
(reviewed in: Findlay, 2007). While the extracellular
matrix has a low metabolism of collagen, the turnover
rate of aggrecan is relatively high (Tchetina, 2011) with a
calculated half-life of about 4 years (reviewed in: Sivan et
al.,2014). It has been stressed by Ahlqvist ez al. (1989) that
cartilage requires a considerable amount of energy, which
has been determined on the basis of oxygen consumption,
with 0.01 pL O,/h per mg dry joint cartilage, a value which
is in the range of the one measured for carotid body tissue
(Starlinger and Liibbers, 1976). Glucose is considered
as the major energy supply molecule for cartilage tissue
(Mobasheri et al., 2002). This metabolite with its glucose-
derived sugars, e.g. glucosamine sulphate and vitamin
C, has been attributed as the key molecule controlling
development, maintenance, repair and remodelling of
cartilage. However, glucose has to enter the cells before
it can provide energy in the form of ATP. Furthermore, it
has been proposed that degeneration of cartilage might be
caused by a glucose imbalance. However, still unclear is
by which route glucose is transported within the cartilage.
In turn, cartilage canals, existing in larger abundance in
developing cartilage tissue, have been implicated in the
supply of nutrients to the chondrocytes (Yamakura ef al.,
2001).
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ATP receptors P1 (adenosine) and P2 (purine)
(Koolpe et al., 1999) are integrated in the chondrocyte
cell membrane and from here ATP can be released by
chondrocytes in the chondrons (Elfervig et al., 2001).
ATP has also been identified in the synovial fluid and
it is considered to be a substrate for the production of
inorganic pyrophosphate (Ryan et al., 1991). However,
since pyrophosphate is a substrate for ALP (Moss ef al.,
1967; O’Neill, 2006) and ALP exists in the synovial fluid
(Nanke ef al., 2002), it is doubtful that ATP is present in
larger amounts and in a soluble state separated from the
cell surface. As such, the question still remains open as
to from where the metabolic energy, different from ATP
and required for the maintenance of the extracellular
metabolically usable energy, the metabolic fuel, comes
from. In addition, it has been proposed that mechanical
energy (clastic energy) is stored in the collagen fibrils
within the cartilage (Silver et al., 2002).

Recently, our group provided experimental evidence
that polyphosphate (polyP), abundantly present both
intracellularly and extracellularly as well as in blood
platelets (Morrissey et al., 2012), could serve as an energy
source for the generation of chemically utilisable Gibbs
free energy after cleavage by ALP (reviewed in: Miiller et
al.,2015a; Wang et al., 2016). Blood platelets exist in large
numbers in synovial fluids from patients with rheumatoid
arthritis but are scarce in fluids from osteoarthritis patients,
where the density varies between 0 and 10,000/mm?* (Farr
et al., 1984). In turn, it can be predicted that the synovial
fluid is rich in polyP. As a therapeutical consequence,
platelet-rich plasma which has been injected into knees
of osteoarthritis patients, was found to be superior
compared to an application of HA (Raeissadat ez al., 2015).
Whereas HA, acting as a potential joint lubricant, has been
proposed to ameliorate the pathophysiological symptoms
of osteoarthritis by acting through CD44 receptors at the
chondrocyte surface (Akmal et al., 2005).

In previous studies, it has been shown that polyP,
prepared by gravity sintering at 950 °C and resulting in
the formation of 75-150 pum large particles (Pilliar et al.,
2001) causes a strengthening of the interfacial cartilage
in vitro (St-Pierre et al., 2012). However, polyP is not
present in the crystalline form in intact cells but as an
amorphous polymer (Morrissey et al., 2012). In order
to approach the physiological situation in a biomimetic
way, we introduced a fabrication process that allows the
preparation of amorphous microparticles of polyP (Miiller
et al., 2015b). Initially, those particles have been prepared
with Ca*" as the counterion to the phosphate groups within
the polyP. Ca?* was found also to self-organise and harden
the gel-like polyP after bioprinting (Miiller et al., 2015c).
Since the aim of the present study is to outline a strategy
for the injection of polyP-containing microparticles into
the synovial fluid, amorphous polyP microparticles have
been prepared with Mg?* as counterions (Mg-polyP). With
this approach, it is anticipated that the Ca’*concentration
in the fluid will decrease and prevent the propensity to
form Ca*crystals; Mg-polyP will chelate out Ca?* from
the fluid to bind those to microparticles. Furthermore,
Mg?* has the potency to retard the nucleation and growth
of Ca-phosphate crystals (Nabiyouni et al., 2015).
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HA is an anionic polymer that can bind Ca*" even if
incorporated into crystal particles (Lamontagne ef al.,
2011). In addition, HA is present in considerable amount
(3-4 mg/mL) in the synovial fluid (Nitzan et al., 2001).
Based on these findings, we developed here a strategy that
uses Mg-polyP microparticles as active components in a
potential injection fluid that is able to bind Ca?* (perhaps
coming from the synovial fluid), which in turn forms a
less soluble Ca-polyP (calcium-polyP) together with HA
and could act as an artificial cartilage surface (Schmidt
and Sah, 2007). The data obtained show that Mg-polyP
microparticles, in the presence of HA, potentiate the gene
expression of collagen type 3A1 as well as the expression
of'the transcription factor SOX9, crucial proteins involved
in the differentiation of chondrocytes during cartilage
repair (Salminen et al., 2001). Based on the results
elaborated here, we conclude that in the synovial fluid,
which contains polyP, as well as HA (Decker ef al., 1959)
and Ca?" (shown in the present study), the anionic, non-
sulphated glycosaminoglycan interacts in the fluid with
the anionic phosphate polymer using divalent cations, e.g.
Mg?* or Ca*'. This view adds for the first time a regulatory/
controlling system, existing in the synovial fluid, to our
understanding of the anabolic pathway of the cartilage.
Until now, only the omega-3 fatty acids have been claimed
to be stimulatory to anabolic processes of the cartilage
metabolism (Jerosch, 2011). For the polyP paste formation,
we used Mg?* instead of Ca*" in order to cause a less strong
ionic bonding between the two polyanions HA and polyP.
This approach also might allow the dissolution of the
bone splinters that are found in the synovial fluid around
damaged articular cartilage (Tew and Hackett 1981). As a
consequence of the exchange of Ca?* with Mg**, a breakup
of the hydroxyapatite crystals might be achievable.

Materials and Methods

Materials

Sodium polyphosphate (Na-polyP with an average chain of
40 phosphate units) was obtained from Chemische Fabrik
Budenheim (Budenheim, Germany). Hyaluronic acid (HA,
sodium salt from rooster comb, #H5388) was obtained from
Sigma-Aldrich (Taufkirchen, Germany).

Preparation of polyP microparticles
The fabrication of amorphous Ca-phosphate microparticles
(aCa-polyP-MP) was performed as previously described
(Miiller et al., 2015b; Miiller ef al., 2015d). In short, 2.8 g
of CaCl,-2 H,O (#223506, Sigma-Aldrich, Taufkirchen,
Germany) were dissolved in 25 mL of distilled water and
added dropwise to 1 g of Na-polyP in 25 mL distilled water
at room temperature. The suspension, kept at pH 10, was
stirred for 12 h. The microparticles formed were collected
by filtration, washed with ethanol and dried at 50 °C.
The amorphous Mg-phosphate microparticles (aMg-
polyP-MP) were prepared similarly. To each 1 g Na-
polyP, 3.86 g of MgCl,-6 H,O (#A537.1, Roth, Karlsruhe,
Germany) were added.
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Microstructure analyses

X-ray diffraction (XRD) experiments were performed as
described previously (Raynaud ef al., 2002). The patterns
were registered on a Philips PW 1820 diffractometer
(Philips, Eindhoven; the Netherlands) with CuKa radiation
(L= 1.5418 A, 40 kV, 30 mA) in the range 20 = 5-65°
(A26 = 0.02, At = 5 s). Fourier transformed infrared
spectroscopic (FTIR) analyses were performed with micro-
milled powder in an ATR (attenuated total reflectance)-
FTIR spectroscope/Varian 660-IR spectrometer (Agilent,
Santa Clara, CA, USA), fitted with a Golden Gate ATR
unit (Specac, Orpington, UK), as previously described
(Miiller et al., 2015b).

Scanning electron microscopic (SEM) imaging was
performed using a Hitachi SU-8000 electron microscope
(Hitachi High-Technologies Europe GmbH, Krefeld,
Germany).

For energy-dispersive X-ray (EDX) spectroscopy, an
EDAX Genesis EDX System attached to the scanning
electron microscope (Nova 600 Nanolab, FEI, Eindhoven,
The Netherlands) and operating at 10 kV with a collection
time of 30-45 s was used.

The inductively coupled plasma mass spectrometry
analyses (ICP-MS) were performed with an Agilent 7500
Series ICP-MS quadrupole system (Agilent, Santa Clara,
CA, USA).

Coating of well plates with polyP-Mg**-HA-Mg**
Each well of 24-well plates (#CLS3526, Sigma-Aldrich,
Taufkirchen, Germany) was filled with 0.5 mL of saline
supplemented with 10 % HA [w/v] and with 0.5 mL of
saline containing 10 % Na-polyP [w/v]. Subsequently,
1 mL of MgCl-6 H,O (50 mg/mL saline) was added,
through which the gelation/ionic cross-linking reaction
was initiated. The obtained HA-hydrogel, Mg**-Na-
polyP, was allowed to stand for 1 h to assure complete
gelation (at room temperature). The fluid, released from
the hydrogel, was removed carefully with a pipette. In the
control, the wells were either supplemented with HA alone
(50 mg/0.5 mL) or with Na-polyP (50 mg/0.5 mL). Most
of the fluffs formed in the HA/Na-polyP assay attached
to the bottom of the well plates. After standing at 37 °C
for 4 h, the fluid supernatant was aspirated and removed;
then, 1.5 mL of medium (CGM, Chondrocyte Growth
Medium, #CC-3216; Lonza, Cologne, Germany)/ 10 %
foetal bovine serum (FBS) were added. Cells (10,000/well)
were added and the cultures were inspected after L hor3 h
of incubation after staining with DAPI (4°,6-diamidino-2-
phenylindole; Sigma-Aldrich, Taufkirchen, Germany). The
slices were inspected with an Olympus AHBT3 microscope
(Olympus, Hamburg, Germany).

Binding studies of polyP to HA

In a final assay of 0.5 mL saline, 50 mg of soluble polyP
(added as Na-polyP) were added to 50 mg of HA in a
centrifugation tube. HA was spiked with 0.1 mCi acetylated
hyaluronic acid (acetyl-*H) (250 mCi/g; American
Radiolabeled Chemicals, St. Louis, MO, USA). Where
indicated, 100 pL of diluted synovial fluid (1:100 dilution)
were also added. Finally 100 uL of 500 mM MgCl, were
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particles (aMg-polyP-MP) observed with SEM.

Fig. 1. Morphology of the amorphous (A, C) Ca-polyP microparticles (aCa-polyP-MP) and th
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e (B, D) Mg-polyP

supplemented to the reaction mixture and the incubation
(30 °C) was performed for 15 min or 90 min, as outlined
in the results. Then the samples were centrifuged (5 min
at 5000 xg) and the respective sediments formed were
transferred into 10 mL scintillation liquid (MP Biomedicals
China, Shanghai 201201, China) and counted in a liquid
scintillation spectrometer.

Human chondrocyte

Human chondrocytes, isolated from human knee, were
purchased from Lonza ( NHAC-kn, #CC-2550, Lonza,
Cologne, Germany,). They were cultivated in CGM which
contains growth factors and 5 % FBS. The cells were sub-
cultured when they reached 80 %-90 % confluency. They
were seeded with a density of about 10,000 cells/cm? and
cell number duplicated about every 60 h.

Identification of polyP in the synovial fluid
For a qualitative analysis, 20 mL of freshly taken synovial
fluid (approved by the ethical commission of the University
Medical Centre, Mainz, Germany, 20160506) were
used for the extraction of polyP, as previously described
(Clark et al., 1986; Imsiecke et al., 1996). The polyP
fraction obtained was applied onto a 7 M urea/16.5 %
polyacrylamide gel and stained with o-toluidine blue. PolyP
standards of defined chain lengths were run in parallel
(Lorenz and Schroder, 2001).

Where indicated, the synovial fluid was pre-incubated
with 20 units of ALP/mL synovial fluid. The recombinant
bovine ALP, expressed in Pichia pastoris (#P8361; Sigma-
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Aldrich, Taufkirchen, Germany) was used for this study;
incubation was performed for 6 h at room temperature prior
to addition of the synovial fluid to the chondrocytes.

Gene expression studies

The technique of quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR) was applied to
determine semi-quantitatively the effect of the polyP
samples on chondrocytes. The cells were incubated for
0 d or 21 d in the absence of polyP or in the presence of
50 pg/mL of Na-polyP or onto slides, that had been coated
either with 300 uL of HA (10 mg/mL saline supplemented
with 5 mM MgCL,) or 300 uL of HA/Na-polyP (10 mg of
HA/10 mg of Na-polyP in 5 mM MgCl,).

In one series of experiments, chondrocytes were
incubated with synovial fluid (1:100 dilution) for 21 d. In
order to remove polyP, present in the synovial fluid, the
samples were pre-incubated with ALP, as described above.

The technical details for the qRT-PCR have been
given earlier (Wiens et al., 2010). The following
two genes were selected to determine the activation
state of the human chondrocytes; SOX9 SRY-
box 9 (NM 000346) with the primer pair Fwd:
5"“TGCTGCTGGGAAACATTTGCAC-3'(nt,,, tont, )
and Rev: 5-GGGCACTTATTGGCTGCTGAAAC-3’
(nt,y,, to nt,.: 140 bp) and second COL3A1 (collagen
type 111 alpha 1; NM_000090) with the primer pair Fwd:
S-ATTCCTTCGACTTCTCTCCAGCC-3' (nt, ., to
nt,,,,)andRev: 5-GTGTTTCGTGCAACCATCCTCC-3'
(nt,,.. to nt,,.; 196 bp). The expression levels of

4377 4356
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these transcripts were correlated to the reference
housekeeping gene GAPDH (glyceraldehyde 3-phosphate
dehydrogenase; NM_002046.3) with the primer pair Fwd:
5’-ACTTTGTGAAGCTCATTTCCTGGTA-3’ (nt,, , to
nt, ) and Rev: 5’-TTGCTGGGGCTGGTGGTCCA-3’
(nt,,, tont, ; 118 bp). The qRT-PCR experiments were
performed in an iCycler (Bio-Rad, Hercules, CA, USA);
the mean Ct values and efficiencies were calculated with
the iCycler software (Bio-Rad, Hercules, CA, USA); the
estimated PCR efficiencies range between 93 % and 103 %
(Pfaffi, 2001).

Statistical analysis

After finding that the respective values followed a standard
normal Gaussian distribution and that the variances of the
respective groups were equal, the results were statistically
evaluated using the independent two-sample Student’s ¢-
test (Petrie and Watson, 2013).

Results

Fabrication of polyP microparticles and their
characterisation

As described in Materials and Methods, microparticles
were prepared from Ca-polyP as well as from Mg-polyP.
The size range of the aCa-polyP-MP varied between 220
and 535 nm (average 352 + 122 nm) (Fig. 1A, C), while
the dimensions of the aMg-polyP-MP were slightly smaller,
between 130 and 317 nm (average 245 + 138 nm) (Fig.
1B, D).

Element analysis of the polyP microparticles was
performed by EDX. The spectra showed for the aCa-
polyP-MP pronounced peaks for Ca, P and O, while only
minor signals appeared for C and Na (Fig. 2A). The pattern
for aMg-polyP-MP showed distinct peaks for Mg, P and
O and again only small ones for C and Na (Fig. 2B). A
quantitative analysis of the particles was performed by
ICP-MS. The final divalent cation/P atomic ratio for the
obtained aCa-polyP-MP was 0.93 + 0.12 and for aMg-
polyP-MP 0.81 £ 0.09 (data not shown).

The FTIR spectra of the microparticles, aCa-polyP-MP
and aMg-polyP-MP, showed strong absorption bands in the

N
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Wavenumbers (cm™)
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Ca-polyP Mg-polyP
Fig. 2. EDX spectra of (A) aCa-polyP-MP and (B) aMg-
polyP-MP. The signals for the elements C, O, Na, Mg, P
and Ca are marked.

low and high frequency regions, due to phosphate moieties
and the OH groups (Fig. 3). On the basis of the literature
data (Szumera, 2014; Crobu et al., 2012; Yifen et al., 1986),
the bands recorded could be attributed to the vibrations of
the following structural units: the peaks at ~ 3400 cm™
and 1627 cm™ were mainly assigned to the OH stretching
and bending vibrations of adsorbed water; the band near
1261 cm! was designated to the asymmetric stretching
of the P=0, i.e. v (PO,)". The weaker band at 1196 cm™'
(not marked in Fig. 3) reflected the PO, symmetric
stretching mode v (PO,)*; the absorption bands close to
1083 cm™ and 999 cm™! were assigned to the asymmetric
and symmetric stretching modes of chain-terminating PO,
groups [v, (PO,)*”and v (PO,)*]; the absorption band near
864 cm™ was assigned to the asymmetric stretching modes
of the P-O-P linkages, v (P-O-P) and the partially split
band was centred around 763 cm™ and was assigned to the
symmetric stretching modes of the v (P-O-P). A comparison
between the spectra of Na-polyP, Ca-polyP and Mg-polyP
showed the common feature for polyP in the 1300-600 cm™
region. Those signals reflected the polyP backbones and
were not broken down during the reaction with the Ca** or
Mg?". However, the peaks shifted in the Ca-polyP and Mg-
polyP samples, if compared to those in Na-polyP. These
changes in the phosphate structures were attributed to the
Ca?* or Mg* ions, which generally provide ionic cross-

900 cm™!

Absorbance

-1
1083 cm 864 cm-!

1160 cm-! |999 cm-1| -1
1261 cm™__ | | i 165 cm

[Ne-poly?

2000

1500 1000
Wavenumbers (cm™)

Fig. 3. FTIR spectra of Na-polyP, Ca-polyP and Mg-polyP as recorded between the wavenumbers 4000 cm™' and
700 cm™'; on the right is shown an enlargement of the range between 2000 cm™" and 700 cm ™.
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linking between non-bridging oxygen of the phosphates
groups. Those Ca*" and Mg*"caused cross-links further
increased the interacting bond strength between adjacent
polyP chains. Additionally, the modification in the polyP
structures could be understood further on the basis of the
changes in the respective terminal charge densities at an
anionic site, i.e. at the sites of formation of P-O-M (where
M is Ca?* or Mg*; in Na-polyP at 1261 cm™, in Ca-polyP
at 1240 cm™ and in Mg-polyP at 1243 cm™). Thus, IR
spectra confirmed the ionic interactions between the two
divalent cations and the respective polyP chains formed
within Ca-polyP and Mg-polyP.

Fig. 4 shows the XRD patterns of Na-polyP, Ca-polyP
and Mg-polyP powder samples. While Na-polyP was used
as an unchanged salt sample, microparticles were prepared
from Ca-polyP and Mg-polyP. All these samples were
obtained after drying at 60 °C for 24 h. The absence of any
sharp peak confirmed the absence of any crystalline phase,
proving the amorphous structure of the microparticles
(aCa-polyP-MP and aMg-polyP-MP, respectively). The
amorphous phase is shown within the broad peak from
20° to 40° (theta) degrees for Na-polyP and for Ca-polyP
and Mg-polyP around 30° (theta) degrees.

In situ formation of Mg-polyP microparticles and
their interaction with HA

The formation of Mg-polyP microparticles from Na-polyP
and HA was processed in 24-well plates, starting from
50 mg/0.5 mL of Na-polyP and 50 mg/0.5 mL of HA in
saline. This sample appeared as a perfect solution (Fig.
5A). If MgCl-6 H,O was added, an almost immediate
gelation process started that was visualised by an intense
schlieren formation (Fig. 5B). It is suggested that those
fibrillar/globular striae reflect the association between HA
and polyP through Mg?* ionic bonds.

The formed gel flakes attached to the glass slides and
allowed an inspection by SEM (Fig. 6). Those aspects
revealed that the microparticles formed from Na-polyP
and HA and after addition of Mg*" appeared as almost
perfect spherical microparticles with an average size of
389 + 143 nm (Fig. 6C, D). In contrast, HA flakes that
attached onto the slides and produced from a solution of
HA in saline without Mg** revealed a quite smooth coat
(Fig. 6A, B). In assays with Na-polyP no flakes could be
visualised after addition of Mg** (data not shown).

The binding affinity of HA to soluble polyP (as Na-
polyP) was measured with radioactively labelled [*H]
HA as tracer as described in Materials and Methods. The
schlieren formation was initiated with MgCl, and the assay
was performed for 15 and 90 min, respectively. Then the
components were centrifuged and the radioactivity, present
in the sediments, was determined. The data revealed that in
the absence of polyP only very little radioactivity could be
detected on the bottom of the tube (=200 dpm). However,
after a 15 min incubation period together with polyP an
over 10-fold higher amount of radioactivity could be
found on the bottom of the tube. This value did not change
significantly after the longer (90 min) incubation period. If
the synovial fluid was added to the reaction mixture ([*H]
HA and polyP) already a significant (p < 0.05) reduction
to 3172 £ 258 dpm was measured in the sediment after

":G.U& MAL=TEAL

276

Artificial cartilage bio-matrix

N i, [T
L, .

Intensity (arbitrary units)

T L T 2] T * T

10 20 30 40
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Fig. 4. XRD pattern obtained for both the unchanged
Na-polyP as well as the microparticles prepared from
Ca-polyP and from Mg-polyP. No characteristic signals
are detected that would indicate some form of crystalline
polyP material.

a 15 min incubation period; the decrease even became
more pronounced if the reaction was extended to 90 min
(1281 =295 dpm) (Table 1).

Attachment of human chondrocytes onto HA-Mg?*-
polyP-covered slides

The propensity of chondrocytes to attach to differentially
covered glass slides has been inspected 3 h after transfer
of the cells onto the slides. The cells were visualised by
staining with DAPI. After irradiation with fluorescent light
it became evident that only a few cells attached to untreated
glass surfaces after 3 h (Fig. 7A), while significantly more
cells were visualised after 3 h on surfaces coated with
HA (Fig. 7B). Comparably intense was the attachment
of chondrocytes to glass slides that had been coated with
HA-Mg**-Na-polyP (Fig. 7C, D). Even after a short 1 h
incubation period the cells abundantly attached to HA-
Mg?*-Na-polyP-coated slides (Fig. 7C), and even more
cells were detected after 3 h incubation (Fig. 7D). While
the morphology of the cells, growing onto untreated or onto
HA-coated glass slides, showed a round and very rarely a
polygonal shape, most of the cells that had been cultured
onto HA-Mg?*-Na-polyP-coated slides had been polygonal.

Expression of SOX9 and COL3A1 in response to
polyP exposure

Following the study published by Girotto et al. (2003),
we selected the genes of the transcription factor SOX9
and of the collagen gene COL3 A1 as reliable markers for
in vitro studies of chondrocytes with respect to cartilage
differentiation. We found that the transcript level of SOX9
changed during the 21 d incubation only if the cells were
incubated onto the HA-Mg?*-Na-polyP matrix (Fig. 8A).
While the expression of this gene only varied slightly if
the cells were cultured in the absence of any additional
component or only moderately with the two starting
substrates, used for the formation of HA-Mg?**-Na-polyP
[polyP (administered as Na-polyP) and HA], an almost
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10 mmi

o

Fig. 5. Gel-formation of polyP with HA in the presence of Mg*". (A) Mixing of 50 mg/0.5 mL of Na-polyP with
50 mg/0.5 mL of HA resulted in a clear solution. (B) If Mg** ions (1 mL of 50 mg MgCl,-6 H,O/mL) are added
extensive flakes (fl) are formed. Those fibrillar/globular schlieren structures most likely reflect the association between

HA and polyP through Mg?* ionic bonds.

Table 1. 50 mg of HA (spiked with radioactively labelled [acetyl->*H] HA) were dissolved in saline and, where
indicated, added to polyP (50 mg; added as soluble Na-polyP) in a reaction tube; the final assay volume was
0.5 mL. Then the incubation was performed in the absence or presence of 100 pL of diluted synovial fluid, as
outlined in Materials and Methods. Finally, 100 uL 500 mM MgCl,-6 H,O were added and the incubation was run
for 15 min or 90 min, as indicated. The different components were added to (+) or omitted from (-) the reaction
mixture. At the end of the incubation period the material was centrifuged and the sediment was counted in a
liquid scintillation spectrometer. The radioactivity in the sediment was determined (n = 10 separate experiments).

Assay Synovial | Incubation period (min) after addition of Radioactivity in
number | [*H] HA | polyP fluid 100 pL of S00 mM MgCI2 sediment dpm/assay

1 + - - 15 174 + 29

2 + - - 90 210+ 32

3 + + - 15 3792 + 248
4 + + - 90 3916 + 295
5 + + + 15 3172 +£258
6 + + + 90 1281 + 295

3-fold increase of the expression level was observed if the
cells grew onto the HA-Mg?*-Na-polyP surface (Fig. 8A).

In contrast, the expression level of COL3A1 increased
significantly during the 21 d incubation period by 2-fold
(with respect to day 0) or 1.7-fold (with respect to control)
if the chondrocytes were exposed to Na-polyP and even
5-fold (with respect to day 0) or 3.1-fold (with respect to
controls) if the cells were cultured onto HA-Mg?*-Na-
polyP, while only a slight increase was seen in the assay
with HA (Fig. 8B).

Tracing polyP in synovial fluid

Since a direct quantification of polyP in synovial fluid,
using the o-toluidine blue colour procedure (Clark et al.,
1986), revealed only ambiguous results we investigated
the existence of the polymer qualitatively using urea/
polyacrylamide gel electrophoresis instead. Applying this
technique, polyP could be identified in the gel as a distinct
band around the polyP marker size range of polyP,, (Fig.
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9; lanes a-d); in this region no toluidine staining could be
seen in the parallel lane (lane e), which did not contain any
polyP. The intensity of Na-polyP (20 pg/slot) used for the
preparation of the microparticles is seen in lane f (Fig. 9).

Effect of synovial fluid on the collagen gene
(COL3A1) expression

To test the effect of human synovial fluid on the expression
of collagen COL3A1 gene, the chondrocytes were
incubated for 21 d in the standard assay. A 1:100 dilution
of the fluid was applied and added at a concentration of
10 puL/well or 30 pL/well (Fig. 10). Using these conditions
the expression of the gene strongly increased from the
base level of 0.4 units with respect to the steady-state
expression of the reference gene GAPDH to 3.82 units at
10 pg/well or to 2.77 units at 30 uL/well. However, this
strong stimulatory activity was completely abolished if the
synovial fluid was pre-incubated with ALP as described in
Materials and Methods.
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Fig. 6. SEM analysis of HA-polyP. (A, B) Analysis of a HA-polyP layer without addition of MgCl,. (C, D) Visualisation
of the microparticles present in the flakes, formed from HA and Na-polyP after addition of MgCl,.

A

Fig. 7. Attachment of chondrocytes to (A) an untreated glass slide, (B) a HA-treated slide and (C, D) a HA-Mg*'-
Na-polyP-coated slide. The cells were cultivated onto the slides for 1 h (C) or 3 h (A, B, D). The nuclei of the cells
were stained with DAPIL
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Fig. 8. Changes of transcript levels of SOX9 and COL3A1 in chondrocytes during a 21 d incubation period. The
cells were cultivated either in the absence of additional components (open bars), in the presence of soluble polyP,
provided as Na-polyP, (hatched to the right) or onto either HA coated slides (hatched to the left) or on HA-Mg?*-Na-
polyP matrices (filled bars). After incubation the RNA was extracted from the cells and then subjected to qRT-PCR.
GAPDH expression level was chosen to normalise the transcript levels for SOX9 and COL3A1. Standard errors of
the means (SEM) are indicated (n = 5 experiments per time point); * p < 0.05.

i P|80

Pi:40

| synovial fluid | -

Fig. 9. Abundance and size of polyP, isolated from
synovial fluid. Different concentrations of extracts from
the synovial fluid were applied per lane; extracts from
10 mL of fluid (lane a), from 15 mL (lanes b, ¢) and
20 mL (lane d). Lane e remained empty (-) and f was
loaded with 20 ug of polyP, (P,:40). Size markers of
polyP,,, polyP, and polyP, were run in parallel.
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Fig. 10. Upregulation of COL3A1 gene expression
by synovial fluid. The chondrocytes remained either
unexposed to the synovial fluid (-) or were incubated
with two different concentrations of the fluid (at a
dilution of 1:100), with 10 uL/well or 30 uL/well. The
synovial fluid (or saline in controls) remained either
untreated with ALP (-) or was pre-incubated with the
enzyme (+) as described in Materials and Methods. The
means * standard errors from five experiments per time
point are shown; * p <0.05.
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Discussion

It is a fact that the cartilage bordering the synovial
fluid has a low metabolism, both with respect to the
turnover of collagen, aggrecan/proteoglycan and HA (see
Introduction). However, as outlined above, deprivation of
glucose in the synovial fluid, as a metabolic fuel for the
chondrocytes, results in a slow-down of the metabolic rate
in these cartilage-forming cells.

With the discovery, in the present study, that polyP is
present in the synovial fluid and is most likely involved in
the stimulation of collagen 3 (COL3A1), we provide strong
experimental indications that polyP is one key regulator
of the metabolic activity of chondrocytes and in turn of
the extracellular matrix, consisting of ground substances
(hyaluronan, chondroitin sulphates and keratan sulphate)
and also tropocollagen which subsequently polymerises
extracellularly into the collagen fibres (Fig. 8). In order
to approach this potentially new pathway, which might
trigger the chondrocytes to a higher rate of synthesis of
those extracellular structural and functional polymers,
experimentally, we prepared particles from Mg?* and polyP,
aMg-polyP-MP and proved that they were amorphous
[by XRD (Fig. 4)] and comprised the expected chemical
composition [by EDX (Fig. 2) and FTIR (Fig. 3)]. The
sizes of those particles, prepared as a powder varied around
250 nm and by that they were slightly smaller than the
amorphous aCa-polyP-MP (350 nm; Fig.1).

In the next step, we investigated whether those
particles could also be formed under more physiological
conditions in situ, using dissolved HA and Na-polyP as
starting materials. If those two components, readily soluble
in aqueous milieu, were supplemented with Mg** they
formed a three components system (HA-Mg**-Na-polyP)
that was highly viscous with a paste-like consistency
(Fig. 5). It is importantly to mention that under higher
SEM magnification it becomes obvious that the paste was
composed of globular microparticles with dimensions
of about 400 nm (Fig. 6). The Ca*" concentration in the
synovial fluid has been determined to be 0.512 mg/dL in
asymptomatic patients, while a higher level of 0.8 mg/
dL has been determined in the symptomatic group with
temporomandibular joint pathology (Aghabeigi et al.,
2002). In comparison, the Mg?* concentration in the
synovial fluid is about 5-fold lower (Krachler et al., 2000).
For these studies, we used Mg?" for cross-linking of HA
with polyP, since this complex was more readily soluble
in comparison to Ca-polyP, especially in the presence of
the enzyme ALP (to be published), and in turn was more
suitable for a potential future clinical application.

It is important to note that Mg>* indeed interacts with
HA and polyP by ionic bonds. This salt-formation is
stable, at least during a 90 min incubation period in saline.
However, if the three components reaction (HA, polyP and
Mg?") was performed in the presence of synovial fluid, a
time-dependent decrease of the interaction is measured
at 30 °C during the 90 min incubation period. This effect
can be attributed to the hyaluronidase and/or alkaline
phosphatases that are present in the synovial fluid (Nagaya
et al., 1999; Trumble et al., 2007).
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Importantly, the HA-Mg**-Na-polyP matrix promotes
strongly the adhesion of chondrocytes to the culture dishes,
even in comparison to HA alone (Fig. 7). This high cell
compatibility of the HA-Mg?*-Na-polyP matrix was also
reflected by the degree of gene inducibility elicited by
this paste in comparison the free HA or Na-polyP. The
qRT-PCR studies revealed that the gene encoding the
transcription factor SOX9, which regulates chondrocyte
differentiation, proliferation and entry into hypertrophy
in immature and proliferating chondrocytes (Leung et
al., 2011), was only significantly upregulated after a 21 d
incubation period in chondrocytes in comparison to the
controls (without any component), to HA or to Na-polyP
alone. Likewise, the paste strongly enhanced the expression
of collagen 3A1 (COL3Al), a cartilage matrix protein,
marker for differentiation of chondrocytes both in vivo
and in vitro (Aigner et al., 1997). This gene was strongly
upregulated after growing the chondrocytes onto HA-
Mg?*-Na-polyP and only moderately stimulated by HA.
Recently, we also found that the steady-state expression of
two further genes, markers for cartilage formation, collagen
2 and aggrecan, strongly increased after incubation of
human chondrocytes with HA-Mg?*-Na-polyP, while HA
and soluble polyP elicited no significant effect (Miiller et
al.,2016). It is well established that chondrocytes undergo
dedifferentiation during in vitro cultivation; a process that
is accompanied by substantial changes of the chondrocyte
gene expression profile, alterations in the composition
of the extracellular matrices or the expression of cell
surface receptors (Cucchiarini ez al., 2014). This important
question has not yet been studied by us, along with the
polyP matrices.

A further significant outcome of the present study is
the finding that the synovial fluid contains polyP in the
size range of about 80 units of phosphate (Fig. 9). Hence,
this size matches the medium-chain polyP, secreted from
activated human platelets (reviewed in: Morrissey et al.,
2012). Since blood platelets accumulate in synovial fluid,
especially after inflammation, we propose that polyP is
released in this compartment by those cells. The finding
that synovial fluid increased the steady-state expression of
COL3AL, the marker gene for chondrocyte differentiation
(Fig. 10) was interesting. At a dilution of 1:100, even
the low concentration of 10 pL per well, expression was
stimulated by 9.6-fold. If the synovial fluid was pre-
incubated with ALP, an enzyme that specially hydrolyses
polyP (Lorenz and Schréder, 2001), the stimulating
function was completely abolished. In turn, these data can
be taken as strong evidence that it is the polyP, present in
the synovial fluid that causes the induction of the COL3A1
gene.

Conclusion

The data summarised in this study underscore the
importance in the synovial fluid of polyp, which is
synthesised in the blood platelets as a — perhaps crucial
— factor in the stimulation of the chondrocytes. This
conclusion is based on the performed steady-state
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expression studies. It is shown that COL3A1, encoding
for one major extracellular matrix structure of the cartilage
(Le Goff et al., 2006), as well as the transcription factor
SOX9 are highly expressed. The latter transcription factor
is upregulated not only during embryogenesis but also
during cartilage regeneration (Bi et al., 1999). Therefore,
we propose that polyP, injected into the synovial fluid,
might ameliorate or even reverse the adverse symptoms
of osteoarthritis. One route which might be advisable
to follow is the application of amorphous Mg**-polyP
microparticles, fabricated in the absence or presence of
HA. Due to the high propensity of amorphous Mg**-polyP
microparticles to de-assemble through cleavage of the
ionic bonds in aqueous solution and allow Ca*" to form
Ca?polyP, it can be assumed that the latter Ca’"polyP
particles can form a durable polyP layer. The ALP, released
by the chondrocytes, can support this dynamic exchange
of Mg*" by Ca?". Since HA exposes, like polyP, anionic
groups which can crosslink polyP through Ca**, the two
polymers (polyP and HA) can form the new cartilaginous
layer. In complex with polyP, HA might also be protected
against enzymatic degradation by hyaluronidase (Caygill
and Ali, 1969). Using this approach, we are optimistic
that relief of osteoarthritis, through a short or long-term
management using natural organic (HA) and inorganic
polyP, might be possible.
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