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The Mineral Phase of Calcified Cartilage: Its Molecular Structure and
Interface with the Organic Matrix
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ABSTRACT We have studied the atomic level structure of mineralized articular cartilage with heteronuclear solid-state NMR,
our aims being to identify the inorganic species present at the surfaces of the mineral crystals which may interact with the
surrounding organic matrix and to determine which components of the organic matrix are most closely involved with the mineral
crystals. One-dimensional 'H and 3'P and two-dimensional 'H-3'P heteronuclear correlation NMR experiments show that the
mineral component is very similar to that in bone with regard to its surface structure. '3C{®'P} rotational echo double resonance
experiments identify the organic molecules at the mineral surface as glycosaminoglycans, which concurs with our recent finding
in bone. There is also evidence of y-carboxyglutamic acid residues interacting with the mineral. However, other matrix compo-
nents appear more distant from the mineral compared with bone. This may be due to a larger hydration layer on the mineral

crystal surfaces in calcified cartilage.

INTRODUCTION

Degenerative joint diseases such as osteoarthritis (OA) are
a major problem in the developed world, where advances
in medical care have resulted in a substantial elderly popu-
lation who are at risk. The symptoms include chronic pain
and loss of mobility, causing a significant decrease in quality
of life for the sufferer, even when their pain can be
controlled. Primarily considered to be an affliction of the
cartilage, OA also results in changes to the underlying
bone that thickens and sometimes misshapes, enhancing
the effect of wear-and-tear on the joint degradation. What
is not yet clear is the contribution of the zone of calcified
cartilage (ZCC) to the progression of OA or the effect of
OA on the ZCC. The ZCC is the deepest zone of articular
cartilage which covers the ends of bones at the joint
surfaces. Its structure and material properties have been far
less extensively studied than those of bone; however, a
good understanding of the structure and role of the ZCC
in a healthy joint is crucial to elucidating its role in diseases
such as OA.

In the long bones of a developing mammalian embryo,
cartilage at the growth plate becomes calcified and is subse-
quently replaced by bone tissue. This process is known as
endochondral ossification and results in lengthening of the
bone (1). In the adult skeleton, only the layer of mineralized
cartilage at the ends of long bones beneath articular cartilage
remains, and this constitutes the ZCC. The rate at which
endochondral ossification occurs in the ZCC to replace carti-
lage with bone is far slower than in the growth plate of an
immature skeleton (2,3). The ZCC provides the contact
between soft cartilage and the underlying bone, allowing
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transmission of forces, and affects the ability of nutrients
to diffuse between the tissues (4). It is accepted that the total
thickness of cartilage is greater at mature joint surfaces expe-
riencing larger loads, but the relationship with the thickness
of the ZCC is less clear (5-8). In osteoarthritic joints, the rate
of endochondral ossification increases, resulting in loss of
articular cartilage and hypermineralization of the ZCC,
leading to increased stiffness (2). The thinning of the soft
cartilage layer coupled with thickening of underlying bone
and increased stiffness of the ZCC only serves to accelerate
the rate of OA progression (9).

Studies of the structure and composition of mineralized
cartilage tissue in a normal mature joint are important steps
toward determining changes occurring from OA, and how
to limit these changes. Much of the work so far has used
microscopy techniques such as scanning electron micros-
copy (10,11), transmission electron microscopy (11), light
microscopy (4,11,12), and three-dimensional reconstruction
of micrographs (13), to study the ZCC, including obtaining
data such as the location of its cells and blood vessels relative
to structural features. These techniques have been used in
conjunction with nanoindentation (2) and scanning small-
angle x-ray scattering (12) to obtain information on material
properties and mineral particle orientation, respectively.
Quantitative backscattered electron imaging has been used
to measure the microscopic variation in degree of mineraliza-
tion across a sample. Studies have shown mineralization
levels to be higher than in bone, although they are rather vari-
able in different regions of calcified cartilage (3,12). Artic-
ular calcified cartilage from patients with OA was found to
have some hypermineralized regions, with a corresponding
hardness approximately twice that of bone (2). Although ulti-
mately useful, these methods have the major disadvantage of
requiring sample preparation which may alter the structure of
the tissue, so other experiments are a necessary requirement
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to ensure that observations are not due to artifacts of sample
preparation.

At a molecular level, vibrational spectroscopy methods
(infrared (9,14,15) and Raman (14)) have been used to find
relative proportions of protein, phosphate, and carbonate,
as well as a comparison of crystallinity, crystal size, and
collagen cross-linking in samples. Studies of mineralized
cartilage by nuclear magnetic resonance (NMR) are confined
to tissue from the growth plate rather than the joint surface.
3P NMR spectra show the existence of HPO4>~ in a non-
crystalline environment in the mineral component of growth
plate cartilage of calves (16). NMR microscopy has been
used to identify different tissue zones across embryonic
avian growth plate on the basis of their water proton trans-
verse relaxation times (17).

Overall, the studies to date on the ZCC have shown that
the mineral component is a substituted form of hydroxyapa-
tite, quite probably similar to that in bone. Carbonate is
present as a substitution in the mineral, as confirmed by
Fourier transform infrared spectroscopy (16,18,19), but the
concentration is found to differ from that in bone mineral
(16,19). Similar size distributions for the mineral crystals
are found for bone and mineralized cartilage (12,20), using
x-ray diffraction. The underlying organic matrix of mineral-
ized cartilage is mainly a mixture of types II and X collagen
and glycosaminoglycans, such as chondroitin sulfate. The
collagen forms bundles of triple helices, which provide
a scaffold for the deposition of calcium phosphate mineral
particles. The glycosaminoglycans are usually present as
components of proteoglycans, where their long sugar chains
are covalently attached to a protein core.

What is still lacking is a detailed study of how the mineral
phase of the ZCC interacts with the organic matrix at
a molecular level. This study seeks to address that with
a combination of *'P and 'H NMR to determine the nature
of inorganic species at the mineral crystal surfaces and
13C-3'P double resonance NMR to examine which parts of
the organic matrix are in close contact with those surfaces.
The mineral crystals are expected to have surface structures
and compositions significantly different from the bulk, as
found in a recent comprehensive study of laboratory-
prepared nanocrystalline hydroxyapatite (21). The nature
of the crystal surfaces is clearly key in defining how the
mineral is able to bind to the organic matrix, and therefore
important to determine if we are to understand this binding.
One-dimensional 'H and *'P and two-dimensional 'H->'P
correlation NMR spectra in this work give invaluable insight
into the nature of the surface species and their approximate
concentrations.

We use the 13C{3 lP} rotational echo double resonance
(REDOR) experiment to determine which parts of the
organic matrix are in close proximity to the crystal surfaces.
We have recently used this same methodology to study the
mineral-matrix binding in bone (22) and established that it
is glycosaminoglycans (GAGs) that are most closely bound
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in that tissue. Given the abundance of GAGs in mineralized
cartilage, one of the driving forces behind this study is to see
whether a similar binding mechanism operates in the ZCC.
The REDOR experiment, as applied to '>C and *'P nuclei,
allows the determination of which '*C nuclei are close in
space to °'P nuclei (“close” in this context being within
~6 A). It utilizes the magnetic dipole coupling between
3C and *'P nuclei to dephase the signal from such "°C,
resulting in '>C NMR spectra in which the signals from these
nuclei are reduced in intensity. Thus, by comparing the
REDOR spectra with reference spectra, we identify the '>C
functional groups most closely allied with *'P nuclei, and
because *'P nuclei are largely confined to the mineral phase,
by inference, the '*C functional groups most closely allied
with the mineral phase.

MATERIALS AND METHODS
Sample preparation

Tissue was harvested from horses used for general-purpose exercise, with no
bone or joint abnormalities detected by clinical and histological examina-
tion, and euthanized for humane reasons unconnected with this study. Tissue
without further preparation was stored at — 20°C when not undergoing
manipulation or analysis. Articular mineralized cartilage (from the distal
aspect of the proximal phalanx of an eight-year-old thoroughbred gelding,
and from the distal radius of a 12-year-old mare) was removed from the
underlying subchondral bone with a small band saw. The bone and mineral-
ized cartilage samples were cut into small pieces, frozen in liquid nitrogen to
retain components that are more volatile and maintain naturally occurring
hydration levels, then powdered in a Dismembrator S ball mill (Sartorius
Stedim Biotech, Springfield, MO). All samples were packed into 4 mm
zirconia magic-angle spinning rotors. An adjacent sample from each site
was retained for histological examination to confirm tissue homogeneity
and absence of abnormalities. The vy-carboxyglutamate (free acid) was
purchased from Sigma-Aldrich (St. Louis, MO).

XRPD measurements

X-ray powder diffraction experiments were performed on a Philips X’Pert
Pro powder diffractometer equipped with an X’celerator RTMS detector,
using Ni-filtered CuKa radiation (Philips Analytical, Amelo, The
Netherlands). Data collection was performed in a 5-80° range using samples
on a flat plate, with a scanning step size of 0.008°, time per step of 10.8 s,
and scan speed of 0.0985°/s.

NMR experiments

31P, IH, and °C experiments were carried out on an Avance 400 spectrom-
eter operating at 162.1 MHz for 3 P, 400.4 MHz for IH, and 100.7 MHz for
13C (Bruker BioSpin, Billerica, MA). All experiments were conducted at
ambient temperature using standard Bruker 4 mm magic-angle spinning
probes, including a broadband tunable triple resonance probe for the
REDOR work. Magic angle spinning was used in all experiments to remove
the line-broadening effects of nuclear spin interactions. The spinning rates
used were 8.5 kHz for proton experiments and 12.5 kHz for heteronuclear
correlation (HETCOR) and REDOR experiments. 'H spectra were acquired
using an excitation pulse of 2.6 us and a recycle delay of 4 s. For the 'H->'P
HETCOR experiments, a 2.6 us /2 pulse was used for 'H excitation before
the #; period. This was followed by Lee-Goldburg cross polarization (LGCP)
to *'P with a contact time of 2 ms using a field strength of 50 kHz. A recycle
delay of 4 s and a #; increment of 80 us was used.

Biophysical Journal 96(8) 3372—-3378
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FIGURE 1 Pulse sequence used for spectral editing of 'H spectra. During
period A, magnetization is transferred from 'H to nearby *'P nuclei. In B, any
remaining 'H magnetization is suppressed by a series of saturation pulses
before transferring *'P magnetization back to 'H during period C. Only
signals due to 'H close in space to >'P are observed as CP is only efficient
over short distances. LGCP is utilized in the CP step in period C to ensure
the magnetization is not transferred to more distant protons via spin diffusion.

Spectra showing only the signals from protons close in space to >'P were
acquired using the pulse sequence shown in Fig. 1. These experiments used
2.6 us /2 pulses for 'H excitation and the saturation period. The first CP
step used a contact time of 2 ms. *'P magnetization was stored along z for
the duration of the proton saturation using a 2.8 us pulse. The 7/2 pulses
were applied to 'H repetitively every 2.5 ms for a total of 80 ms. This
was verified in a separate experiment to be sufficient to dephase all remain-
ing "H magnetization by subsequent acquisition of a 'H spectrum. LGCP
was then used to transfer magnetization back to 'H with a field strength of
50 kHz applied for 2, 5, or 8 ms. A 4 s recycle delay was left between
consecutive scans of the experiment.

3C{3'P} REDOR experiments were performed after cross polarization
from 'H to '*C with a 2.5 ms contact time. A train of rotor-synchronized
3P 7 pulses of duration 8.6 us (with the center of each pulse 80 us from
its neighbors) was then applied to recouple the *'P-'>C magnetic dipolar
interaction. At the middle of the *'P pulse train, a '>C & pulse of duration
10 us was applied to refocus the '*C magnetization. TPPM proton decou-
pling was applied during all heteronuclear signal acquisitions with a field
strength of 96 kHz.

"H spectra were referenced to the hydroxyl signal of hydroxyapatite
(HAP) at 0.2 ppm relative to tetramethylsilane, 3p spectra to the PO~
signal of HAP at 2.6 ppm relative to HyPO,, and '>C spectra to the methy-
lene signal of glycine at 43.1 ppm relative to tetramethylsilane.

Duer et al.

RESULTS AND DISCUSSION
The mineral component

Powder x-ray diffraction on both samples of mineralized
articular cartilage produces diffraction patterns very similar
to that of bone (Fig. 2), showing close correspondence to
that given by hydroxyapatite (HAP, Ca;o(PO,)s(OH),).
However, the reflections from the biological samples are
broad, as found in previous work (1,23) indicating small
crystals or disorder in the mineral component.

The "H NMR spectrum of mineralized cartilage is domi-
nated by signals from the organic matrix. In principle, a 'H
spectrum of the mineral phase only may be obtained by cross
polarizing from *'P (primarily in the mineral) to 'H, so-
called reverse cross polarization (CP), as this restricts the
'H signals to those from 'H close in space to *'P. Indeed,
such methodology has been utilized in several cases for the
study of bone (24,25), dental mineralized tissues (26), and
synthetic calcium phosphates (27). Unfortunately, these
experiments require long delays between scans because of
the long T, values of *'P within the mineral phase and hence
long experiment times to achieve an adequate signal/noise
ratio.

Here, we demonstrate that this inconvenience can be over-
come by a prior CP period from 'H to *'P, as the required
delay between scans is then governed by the T, of the
mineral protons which is much shorter. The spectra in
Fig. 3 a are obtained by CP from 'H to *'P, followed by
a set of saturation pulses on 'H to remove residual signal
(see pulse sequence in Fig. 1), then LGCP back to "H. The
resulting spectra for both samples of mineralized cartilage
shows three broad proton signals between ~0 and 20 ppm,
which are reminiscent of those found for bone (28),
including their variation in intensity with contact time as
shown in Fig. 3, and so may be assigned similarly. The nar-
rowest of these signals, centered at 0.2 ppm, is assigned to
the hydroxyl protons of a HAP-like phase (21). The signal
at 5.2 ppm is assigned to H,O in close proximity to >'P,
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FIGURE 3 Spectra of the mineral protons of (a) PIP joint mineralized
cartilage and (b) bone using the pulse sequence shown in Fig. 1. The second
CP step, *'P to 'H (period C in the pulse sequence) used contact times of
2 ms (solid line), 5 ms (dashed line), and 8 ms (dotted line); all other exper-
imental details were identical. The spinning rate was 8.5 kHz and 4096 scans
were accumulated for each spectrum. Proton-containing species assigned to
the signals are indicated.

either hydrogen-bonded to the mineral surface or included in
the structure. The third signal is very broad and is assigned
to HPO,>~ on the basis of its chemical shift (centered at
10.2 ppm) (21,29).

The key point now is to identify which of these species,
~OH, H,0, and HPO,*>", are present on the surface of the
mineral crystals in mineralized cartilage and therefore have
the potential to interact with the organic matrix in this tissue.
To examine this, we utilize 'H->'P HETCOR NMR spectra
of the samples. Such a spectrum correlates 'H signals with

ppm

=)
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the *'P spectra of those *'P which are close in space to the
particular 'H nuclei. The correlation is produced experimen-
tally by Lee-Goldburg cross polarization from 'H to *'P in
the mixing period of the two-dimensional pulse sequence.
The spectrum thus very largely contains signals from the
mineral component only, as there is relatively little phos-
phorus in the organic matrix (28,30) and mineral *'P nuclei
are too far away from the organic matrix 'H to allow signif-
icant CP between them. This feature has been used in
previous work on bone (31,32,28). Furthermore, the line-
width of the >'P signals allows us to assign them
(21,29,32-34) (and through them, the correlated '"H signals
also) to surface or bulk regions of the mineral crystals, as
the bulk is expected to be relatively well ordered and crystal-
line and hence give relatively sharp 3P NMR lines, while the
surface regions, because of their interactions with the organic
matrix beyond, are expected to have somewhat more hetero-
geneous environments and hence broader *'P lines.

A 'H-*'P HETCOR spectrum of one of the mineralized
cartilage samples is shown in Fig. 4. As expected, there are
proton signals at 0.2 ppm from the mineral hydroxyl groups,
5.2 ppm from mineral-bound water and 10.2 ppm from
HPO,*", all correlated to °'P. The hydroxyl signal at
0.2 ppm is correlated to a *'P peak which is relatively sharp
compared with the *'P signals correlated with other 'H
signals in the spectrum, suggesting that the hydroxyl groups
are in relatively well-ordered environments; it should be
noted that this linewidth is still significantly broader than
what one would expect for highly crystalline, macroscopic
particles. The H,O 'H peak at 5.2 ppm is correlated to
a much broader *'P signal, suggesting it is dominated by
the contribution of heterogeneous, surface-bound water.
The *'P signal correlated to 10.2 ppm in the proton dimension
has a similar breadth to the H,O-correlated signal and so is
also assigned primarily to surface species. This makes sense,
as surface ions are coordinatively unsaturated, so reducing
their charge by protonation, i.e., phosphate to hydrogen phos-
phate, reduces the imbalance of electrostatic forces which
otherwise occurs at the surface of the crystal. This is also
consistent with previous findings on bone mineral (24).

FIGURE 4 A typical two-dimensional 'H-*'P HETCOR
spectrum of PIP joint mineralized cartilage. A mixing time
of 2 ms was used and 50 #, increments with 256 scans per
increment. The traces on the right are cross sections
through the spectrum at selected 'H chemical shifts; effec-
tively, they represent the characteristics of the mineral >'P

H Chemical Shift /

F12

*'P Chemical Shift / ppm

12 10 8 6 4 2 0 -2 4 -6

associated with “OH (— 0.5 and 0.2 ppm), H,O (5.2 ppm),
and HPO,>~ (10.2 ppm) species.
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The mineral-matrix interface

A 3C NMR spectrum of one of the mineralized cartilage
samples is shown in Fig. 5. The spectrum is very similar in
form to that of bone, which is not surprising as both tissues
contain collagen as their principal organic component. Most
of the signals may be assigned to the common amino acids of
collagen, as in spectra of bone and cartilage (30,35-40).
However, several signals cannot be accounted for by protein,
including the broad peaks at ~103 and 76 ppm. These have
been assigned to GAGs in bone and mineralized cartilage
(22) and some more detailed assignments are indicated in
Fig. 5 with reference to chondroitin sulfate, an abundant
GAG in cartilage, although it is likely that other GAGs
(such as hyaluronic acid) also contribute to the signal.

13C{3 lP} REDOR experiments have been carried out on
both samples of mineralized cartilage to investigate the
organic-mineral interface. Typical results are shown in
Fig. 6, a and b, which also compares the mineralized carti-
lage results with those from a sample of adult equine sub-
chondral bone in Fig. 6 ¢. A pair of spectra are shown for
each sample: a reference spectrum and a REDOR spectrum
in which signals from '*C that are close in space to *'P nuclei
show a decrease in intensity as described in the Introduction.
The closer the '*C and *'P nuclei are, the greater the decrease
in the intensity of the B signal, known as dephasing, in the
REDOR spectrum.

As in bone (22), and other naturally mineralized tissues
like dentine (41), the signals that show the greatest dephasing
in mineralized cartilage are: a broad shoulder centered at
~181 ppm on the envelope of signals contributed mainly
by protein carbonyl groups and mineral carbonate; a protein
carbonyl (or in general, amide) signal at ~172 ppm; and
a signal in the aliphatic region at ~76 ppm. These signals

200 180 160 140 120 100 80 60 40 20 0
3C Chemical Shift / ppm

FIGURE 5 '>C CP NMR spectrum of PIP joint mineralized cartilage
acquired using a spinning rate of 12.5 kHz. An 'H to '*C CP contact time
of 2.5 ms was used and 40,960 scans were accumulated. Some assignments
to carbon atoms in glycosaminoglycans, typified by the common GAG
chondroitin sulfate, are indicated. Several of the signals indicated also
contain major contributions from protein functional groups.
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FIGURE 6 C{*'P} REDOR spectra of mineralized cartilage from (@)

the PIP joint, (b) the carpal joint, and (c) bone at a REDOR dephasing
time of 8 ms. The reference spectra as described in the text are shown by
solid lines and the REDOR spectra by dashed lines. Decreases in intensity
between the solid and dashed lines show the effects of the *>'P-'>C interac-
tion between the mineral >'P and the organic matrix '*C and hence identify
those signals from nuclei in the latter which are close to the mineral surface.
Vertical arrows indicate the signals, at ~76 ppm and 181 ppm, which de-
phase strongly in both materials. Dotted vertical lines emphasize those
signals that dephase, not as strongly but consistently, in bone but to
amuch lesser extent or not at all in mineralized cartilage. Asterisks highlight
other signals (at 47 and 49 ppm), that dephase consistently in both tissues,
and may correspond to the vy-carboxyglutamate residues in Gla proteins.

are consistent, respectively, with carboxylate and amide
groups, which could be in GAGs and/or proteins, and with
some of the pyranose ring carbons of GAG polysaccharides.
Additional signals in the range expected for other GAG ring
carbons also show dephasing but it should be noted that these
signals in the aliphatic region could be due to a variety of
other components also. GAGs have been shown on many
occasions to bind to bone mineral and have been invoked
in both templating and inhibitory roles. Their anionic side
chains (carboxylate and sulfate) are available to bind to
calcium in the mineral crystal surfaces as well as their
hydroxyl groups being involved in a multitude of
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hydrogen-bonding interactions with surface water, mineral
hydroxyl, and various phosphate ions.

In all adult equine bone samples we have examined, we
also observe less prominent but consistent decreases in inten-
sity of certain other signals, both in the carbonyl/carbonate
and the aliphatic regions of the spectrum. This argues for
some involvement of matrix proteins, including collagen,
with the mineral surface in bone tissue, in addition to the
major interaction with GAGs reflected by the strong dephas-
ing of the 76 ppm signal. The dephasing of protein signals,
however, is for the most part much less pronounced in
both mineralized cartilage samples used in this work, exem-
plified by the signals connected by dotted vertical lines in
Fig. 6. This argues that the connection between mineral
and matrix proteins is less developed in mineralized cartilage
than it is in bone, consistent with the more hydrated mineral
surface we observe in the former tissue.

A striking exception to this is presented by the pair of
signals at 47 and 49 ppm marked by asterisks in Fig. 6. There
are of course many possible assignments of these signals,
involving both amino acids and aminated ring carbons in
GAGs. However, it is worth noting that y-carboxyglutamic
acid (Gla)-containing proteins are widely invoked as regula-
tors of mineralization and that the vy-carbon of the Gla
residue resonates at 49 ppm. The same residue almost
certainly accounts for some of the signal at 181 ppm. This
signal shows a REDOR effect, which may then be in part
due to mineral proximity to the dicarboxylate groups in
mineral-bound Gla-containing proteins. Thus, it is possible
that REDOR is detecting the intimate involvement not
only of GAGs, but of Gla-containing proteins at the
mineral-organic interface.
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