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Aggrecan, a highly charged macromolecule found in articular
cartilage, was investigated in aqueous salt solutions with
proton nuclear magnetic resonance. The longitudinal and
transverse relaxation rates were determined at two different
field strengths, 9.4 T and 0.5 T, for a range of temperatures
and aggrecan concentrations. The diffusion coefficients of
the water molecules were also measured as a function of
temperature and aggrecan concentration, using a pulsed
field gradient technique at 9.4 T. Assuming an Arrhenius
relationship, the activation energies for the various relaxation
processes and the translational motion of the water molecules
were determined from temperature dependencies as a function
of aggrecan concentration in the range 0–5.3% w/w. The
longitudinal relaxation rate and inverse diffusion coefficient
were approximately equally dependent on concentration and
only increased by upto 20% from that of the salt solution. The
transverse relaxation rate at high field demonstrated greatest
concentration dependence, changing by an order of magnitude
across the concentration range examined. We attribute this
primarily to chemical exchange. Activation energies appeared
to be approximately independent of aggrecan concentration,
except for that of the low-field transverse relaxation rate, which
decreased with concentration.

1. Introduction
Aggrecan is the main proteoglycan found in cartilage [1].
The macromolecule tends to be polydisperse with an average
molecular weight of approximately 2.5 MDa [2]. It has a core
protein of approximately 300 kDa [3] and has of the order of
100 attached glycosaminoglycan (GAG) side chains, of which
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chondroitin sulfate is the most dominant (approx. 20 kDa), but also present are the shorter keratan
sulfates (5–15 kDa) [1]. The GAG chains are linear polymers of approximately 30 disaccharide monomers
with each disaccharide containing carboxylate and sulfate groups which are negatively charged under
physiological pH conditions. Each disaccharide is doubly negatively charged and thus the highly
charged GAG chains give the aggrecan molecule an extended, semi-rigid bottlebrush conformation in
solution [3].

In their recent review, Chandran & Horkay [3] propose that the properties of aggrecan solutions are
concentration-dependent. Four different regimes are observed; dilute and dilute-transition (less than
0.0075 g cm−3), assembly (0.0075–0.01 g cm−3), physiological (0.01–0.1 g cm−3) and concentrated (0.1–
0.7 g cm−3). In the dilute range, the average separation distance between protein cores is of the same
order as the aggrecan molecule diameter and the solution behaves as one of non-interacting molecules.
As the concentration increases, the molecules begin to overlap and ‘microgel-like’ [3,4] clusters begin to
form. At about a concentration of 0.002 g cm−3 (the onset of the dilute-transition region), the diffusion
coefficient of the aggrecan molecule begins to decrease [5] and the reduced viscosity shows a local
minimum [3,6]. At the start of the assembly range, the molecules are believed to undergo self-assembly
[4], but the nature of this self-assembly is not clearly understood. At a concentration of about 0.01 g cm−3,
we reach the lower value of the physiological range where the distance between protein cores is much
smaller than the aggrecan diameter [3].

In cartilage, proteoglycans constitute approximately 30–35% of the dry weight of the tissue. They form
large aggregates with hyaluronic acid and cross-link with the collagen fibres (of which type-II are the
dominant form) [7]. The high charge density of the GAG chains attracts cations into the tissue and this
produces an osmotic pressure which swells the cartilage with interstitial water until the collagen fibres
restrain it [7]. Owing to the stiffness of the GAGs and the interaction between the proteoglycan complexes
and collagen, when a load is placed upon the cartilage the flow of the fluid is resisted. This provides the
tissue with a shock-absorbing property that is crucial for the normal functioning of articular cartilage.

Osteoarthritis is a degenerative joint disease which affects articular cartilage and can lead to chronic
disability and pain [8]. For these reasons, among others, articular cartilage has been studied in a
diverse variety of ways. One such method is via the versatile techniques of nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI). MRI has been applied in several ways in an attempt to
diagnose osteoarthritis or study the structure and function of articular cartilage [9,10]. This involves
measuring parameters such as the relaxation times or diffusion coefficient and relating them to the
known composition, functional status or mechanical properties of cartilage. Like all biological tissues,
cartilage is a complex material and parameters such as the NMR relaxation times will reflect an average
of all the interactions that the water molecules experience during the measurement time.

The aim of this paper is to measure the properties of a simpler system, aggrecan in aqueous solutions,
and determine how key NMR parameters (the longitudinal relaxation rate R1, the transverse relaxation
rate R2 and the diffusion coefficient D) change with aggrecan concentration. We compare measurements
of these parameters at two different field strengths to investigate the effects of chemical exchange, and
at a range of temperatures to determine Arrenhius activation energies. These measurements are then
interpreted in terms of water–aggrecan interactions.

The intention is that this work may help inform an approach to the detailed understanding of the
properties of cartilage.

2. Material and methods
2.1. Aggrecan solutions
Approximately 34 mg of aggrecan was purchased from Sigma-Aldrich Inc. This product is extracted
from bovine articular cartilage, chromatographically purified, dialysed against water and sterile-filtered
prior to lyophilization. The lyophilized powder is essentially salt-free. The entire quantity of aggrecan
was placed in a sterile container with approximately 600 µl of sterile-filtered salt solution (table 1). After
ensuring that the resulting aggrecan solution was well mixed, 200—250 µl was extracted and placed in
a 5 mm diameter NMR tube and sealed. The volume that was extracted from the original container was
then replaced by approximately the same volume of salt solution to create a lower concentration in that
container. This procedure was repeated to create five solutions of known aggrecan concentrations (mass
of aggrecan per unit mass of total solution—table 2) in sealed NMR tubes. A sixth tube of salt solution
with no aggrecan was also produced at the same time. The total mass of the aggrecan/salt solution in its
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Table 1. Ionic concentrations of salt solution. Concentrations of the ions were chosen to agree approximately with values found in
cartilage [11], except for calcium. The pH was approximately 7.5.

ion concentration (mM)

Na+ 220
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

K+ 7.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cl− 108
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Aggrecan solution concentration asmeasuredwith respect to solutionmass, cm, and sGAG concentrationmeasuredwith respect
to solution volume, cv.

solution
aggrecan concentration
cm (mg mg−1)± 0.003

sGAG concentration
cv (mg ml−1)

1 0.053 43.6± 3.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2 0.034 15.5± 0.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3 0.019 7.5± 0.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 0.012 6.8± 0.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 0.007 4.2± 0.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6 0 0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

container was weighed at each stage of the process, with an accuracy of ±0.2 mg. This method of sample
production was used due to the limited amount of aggrecan available (total 34 mg).

The range of the sample concentrations produced is shown in table 2. These were made so that they
approximately covered the range of biological concentrations found in articular cartilage; however, it
was not possible to produce samples of a higher concentrations because the aggrecan showed strong
gellation during sample preparation. The highest concentration sample made here was the first at which
gellation was prevented. Post-hoc analysis showed that the longitudinal relaxation time T1, transverse
relaxation time T2 and D values of the most dilute aggrecan solution were close to that of the pure salt
solution and thus it was deemed unnecessary to produce more dilute solutions.

To confirm the concentration of each aggrecan solution, samples were subsequently measured using a
Blyscan GAG assay (Biocolor Ltd, UK) according to the manufacturer’s instructions. The concentrations
(mass of sulfated GAGs per unit volume of total solution) are also displayed in table 2.

2.2. Low-field nuclear magnetic resonance
Measurements of proton NMR relaxation times T1 and T2 were performed on a bench-top MARAN
(Resonance Instruments Inc., Oxford, UK) 0.5 T spectrometer (20 MHz), over a range of temperatures
from approximately 8°C to 38°C. T1 was measured via an inversion-recovery sequence using 16 inversion
times between approximately 20 ms and 20 s. Four signal averages were acquired, a repetition time of
between 12 and 15 s was used, and no dummy scans were employed. T2 was measured via a Carr–
Purcell–Meiboom–Gill (CPMG) sequence, sampling every second echo (with an echo spacing of 2 ms)
over 1000–3500 echoes (depending on the sample concentration and temperature), four averages, a
repetition time between 12 and 15 s and no dummy scans. All relaxation data were fitted using the
Resonance Instruments software.

2.3. High-field nuclear magnetic resonance
Measurements of proton NMR relaxation times T1, T2 and diffusion coefficient were performed on
an Avance II (Bruker BioSpin GmbH, Rheinstetten, Germany) 9.4 T spectrometer (400 MHz), over the
same range of temperatures as above. As for the low-field measurements, T1 was determined from an
inversion-recovery sequence with similar parameters: 16 inversion times, a repetition time of at least
5T1, two signal averages and no dummy scans. For T2 measurements, a CPMG sequence was employed
but implemented with a last-echo-only sampling scheme. Thus, 16 effective echo-times were sampled
using a variable number of echoes to control the time variable. The number and range of echoes varied
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Figure 1. Relaxation measurements as a function of aggrecan solution concentration. (a,c) Low-field measurement ((c), key as in (a))
and (b,d) high-field measurement ((d), key as in (b)). Temperatures are±0.5°C for low field,±0.1°C for high field. The error bars shown
are typical for all data (±5% for low field,±3% for high field) but have not all been displayed for clarity.

depending on the sample concentration and temperature, and the echo spacing was 2 ms. Eight averages
were acquired, with two dummy scans and a repetition time depending on the sample and temperature.

Diffusion coefficients were measured via a 13-interval bipolar pulsed-gradient sequence [12]. All
time parameters were fixed (effective gradient pulse duration δ = 5 ms, effective gradient repeat time
� = 40 ms) while the gradient amplitude was varied for a total of 16 values. The maximum gradient
strength used was 0.166 mT mm−1. Sixteen averages were acquired with four dummy scans. The
repetition time was typically approximately 1 s.

All relaxation and diffusion data were analysed and fitted using Bruker’s TOPSPIN 1.5 software.

3. Results
Figure 1 shows the collected NMR relaxation rate data for all concentrations and temperatures for low-
and high-field measurements. All relaxation rates decrease with temperature and increase with aggrecan
concentration. However, there are some clear differences between the four graphs in figure 1; for both
field strengths, especially at the higher field, the transverse relaxation rate R2 is more sensitive to the
presence of aggrecan than the longitudinal rate R1. R2 increases by over an order of magnitude at high
field and by a factor of three to four at the lower field strength, whereas R1 increases by a factor of less
than two at both field strengths (with slightly greater sensitivity at the lower field, contrarily to R2).

Figure 2 shows the results for the diffusion coefficient (plotted as 1/D) as a function of concentration
and temperature. A weak dependence on concentration is observed which is comparable to the
concentration dependence of the high-field R1 (figure 1d).

Using the temperature dependences for both relaxation rates and 1/D, an Arrhenius activation energy
model [13–15], an equation of the form

A = A0eEA/RT (3.1)
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for R2 in (a) has been divided by 10.) For the inverse diffusion coefficient, the amplitude has units 109 s m−2.

can be used to fit the data, where EA is the activation energy, T is the absolute temperature, R is the ideal
gas constant, A0 is an amplitude term and A denotes R1, R2 or 1/D. These results are displayed in figure 3.
The amplitudes for the relaxation rates tend to increase with concentration, with the amplitude for R2 at
the lower field strength showing the greatest changes (figure 3a). The corresponding activation energies
appear to be approximately independent of concentration except for the low-field R2, which decreases
with concentration. The high-field R2 might also exhibit some concentration dependence at the smaller
concentrations. The amplitude and activation energy for 1/D appear to be approximately constant.
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4. Discussion
In the absence of paramagnetic centres, there are several mechanisms which can affect NMR relaxation
for spin-1/2 nuclei in macromolecular solutions and biological tissues: dipolar interaction [16,17]
between nuclei (intramolecular and intermolecular), chemical exchange [18] and cross-relaxation
[17,19–21].

In macromolecular solutions, the water can be considered as existing in several compartments: free
(bulk) water, hydrated water and tightly bound (or internal) water [22]. The hydrated water is deemed
to be the water which is affected by the presence of a macromolecule or solute but can exchange with
the free water. The internal water [23] is that which is bound to the solute in some way that significantly
reduces its chance of exchanging with other water compartments (either because it is not connected
via a continuous chain of water H-bonds or because it is partly buried in deep narrow cavities). The
hydrated and internal water each may exist as a number of distinct compartment types. In the limiting
case in which all exchange rates are much greater than the relaxation rates, the relaxation has a single
component [24] with an observed relaxation rate which is a weighted sum of the various relaxation rates
within the compartments

Robs =
n∑

i=1

fiRi, (4.1)

where fi is the fraction of protons in the ith compartment with relaxation rate Ri, and where
∑n

i fi = 1
for n compartments. If a slow or non-exchanging internal water compartment exists, the relaxing
magnetization will not behave as a single component. Typically, such internal water compartments
are small fractions of the total water and have short transverse relaxation times and much longer
longitudinal relaxation times. In our experiments over the range of parameters used, we saw no
compelling evidence for more than one relaxation component.

For hydrated water which is not tightly bound, it is expected that the relaxation rates differ only
slightly from the free water values. Correlation times of the rotational and translational motions of the
hydrated water will typically be a little longer than those for free water and this will slightly increase
the relaxation rates for the hydrated water. In such a scenario, the observed transverse and longitudinal
relaxation rates are likely to be similar, as can be seen in the relaxation values for the salt solution in
figure 1. However, it is also shown in figure 1 that as the aggrecan concentration increases the transverse
relaxation rate R2 becomes significantly larger than R1 and this is especially true for the high-field
measurements. One mechanism which can explain this behaviour is chemical exchange between sites
of different chemical shifts [25].

Protons in water may exchange with labile protons on macromolecules, such as within amine or
hydroxyl groups [26]. If we assume that the relevant exchange rates are in the fast-exchange limit
(much greater than both the intrinsic relaxation rates and the frequency difference between the chemical
environments), expressions for the observed relaxation rates are similar to those in equation (4.1) for
the mixing of different water compartments with the exception that for R2 additional terms are needed
which are proportional to the square of the frequency difference [27,28]. The frequency difference is
proportional to the field strength and this quadratic field-strength dependence has been demonstrated,
for example, in bovine pancreatic trypsin inhibitor solutions by Denisov & Halle [29], and in various
protein solutions by Zhong et al. [30]. The former authors also showed that the longitudinal relaxation
rate decreases with increasing field strength. These basic observations are shown in figure 1; R2 at
high-field is greater than the low-field results, whereas the opposite trend is seen for R1. This may
be interpreted as evidence that chemical exchange between water protons and labile macromolecular
protons has played a significant role in determining this relaxation rate.

Cross-relaxation is caused by the dipolar coupling of (hydrated) water protons with macromolecular
protons and there is good evidence that cross-relaxation is important in biological tissues [19,20,31,32].
However, it is expected that in dilute solutions of proteins or biopolymers the cross-relaxation rate is
negligible compared with the contribution from chemical exchange [33]. Whether the aggrecan solutions
used in the experiments presented here can be classed as dilute is uncertain; if cross-relaxation does play
a measurable role in the data above then it is expected that the relaxation rate—the contribution from
cross-relaxation—is linearly proportional to the concentration of aggrecan and also that the relaxation
rate is proportional to the molecular weight of the macromolecule [30,34]. Nonetheless, it is known that
the contribution from cross-relaxation to both R1 and R2 decreases [35] with field strength, as is typical
of the dipolar interaction, and therefore it is likely that chemical exchange is the dominant contribution
to the high-field transverse relaxation results.
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Approximately equating the aggrecan concentrations cm in table 2 with concentrations expressed in

units of g cm−3, we see that solutions 1–3 are approximately in the physiological range, solution 5 is in the
assembly range and solution 4 is more ambiguous, being close to the transition between the two ranges.
Referring to the relaxation data of figure 1, especially the transverse relaxation rates, it appears that
there is some feature—a plateau, inflection point or a local minimum and maximum—at solutions 3 and
4 (concentrations cm = 0.012–0.019). This feature is consistent across many independent measurements
and therefore we suggest that this represents a sensitivity in the relaxation rates to a general change in
aggrecan-assembly structure, such as self-assembly [3]. If this is the case, self-assembly might affect the
accessibility of the aggrecan molecule to water molecules and would thus change the contribution to the
relaxation rate from chemical exchange or, indeed, cross-relaxation.

As the concentration increases, if the self-assembly of aggrecan molecules continues to form larger
complexes, the molecules will become less mobile. This will lead to more efficient cross-relaxation and
could explain the apparent nonlinearity in relaxation rate dependence on concentration that appears to
be the case in figure 1. A more detailed investigation of this would be the topic of future work. While it
is known that the presence of proteoglycans increases resistance to the flow [36] of water due to the stiff
bottlebrush conformation of aggrecan, on the smaller scale the same extended conformation (due to the
charged nature of the disaccharides) provides an open structure and allows a relatively free movement
of small solvent molecules and solutes [36,37]. The increases in 1/D shown in figure 2 are modest
and this is probably primarily caused by the obstruction of free diffusion by the aggrecan molecules
or assemblies. Evidence for this obstruction effect can be taken from the diffusive activation energy,
displayed in figure 3d, which shows relative constancy over the range of concentrations, thus indicating
that the water structure is not significantly altered by the presence of aggrecan.

The hydrodynamic basis for determining a rotational friction coefficient for spheres rotating within
a viscous medium was introduced by Stokes and then later used by Einstein to describe the Brownian
motion of particles. The resulting Stokes–Einstein equation can be used to connect the self-diffusion
coefficient of the water molecules to the viscosity through

D = kBT
6π f1ηrh

, (4.2)

where kB is Boltzmann’s constant, η is the local or microviscosity, rh is the hydrodynamic radius of the
water molecule (1.64×10−10 m) and f 1 is a correction term, sometimes known as the microscopic viscosity
prefactor [38–40]. For classical Stokes–Einstein behaviour the f 1 parameter, which is dimensionless, has
the size unity. There are four key reasons why it can deviate from this value, which are: (i) that the
diffusing molecule is anisotropic, reducing f 1 [41]; (ii) that the diffusing molecule is small in size relative
to the mixture in which it diffuses, again reducing f 1 (in the limit that the diffusing molecule is large with
respect to the solution molecules, f 1 tends to unity) [42]; (iii) that interactions, such as hydrogen bonding,
exist within the environment in which it diffuses, making f 1 larger; and (iv) that formation of aggregates
increases the effective hydrodynamic radius of the diffusing particle having the phenomenological effect
of increasing f 1 [43]. We see that the plots of 1/D in figure 2 are (assuming rh and f 1 are constant)
proportional to the microviscosity.

Clearly, η is not strongly dependent on the concentration. If we further assume that the relaxation rate
R1 is dominated by the rotational correlation time τ r, in the limit that ω0τr � 1, where ω0 is 2π times the
resonance frequency (400 MHz at 9.4 T), then

R1 ≈ 5 Kτr, (4.3)

where K ≈ 1.392 × 1010 s−2 for protons in water. Using a similar relation to the Stokes–Einstein equation
for rotational diffusion, the rotational correlation time can be expressed as

τr = 4π f2ηr3
h

3kBT
, (4.4)

where f 2 is the microscopic viscosity prefactor [43], which is not necessarily equal to the prefactor f 1 and
can also vary in the same manner for the same key reasons described above, in equation (4.2). Taking the
product DR1 and using the above relations, we find

DR1 = 10
9

f2
f1

Kr2
h. (4.5)
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Using the values for K and the hydrodynamic radius given above,

DR1 ≈ 0.42 × 10−9 f2
f1

m2 s−2. (4.6)

Using the experimental data for R1 in figure 1d and the diffusion data of figure 2, the product DR1
(= D/T1) is plotted in figure 4. For all temperatures and all concentrations, the average value is
0.77 ± 0.04×10−9 m2 s−2. From this, we can determine the ratio f 2/f 1 (in equation (4.6)) to be 1.8 ± 0.1.
We can compare this ratio to that of pure water. Using values of D = 2.023×10−9 m2 s−1, η = 1.0019 mPa s,
T1 = 3.15 s, at a temperature of 20°C, we calculate a ratio f 2/f 1 = 1.54. This value is close to the ratio
calculated for the aggrecan solutions. This, and the fact that f 2/f 1 is approximately constant, suggests
that both R1 and diffusion are essentially functions of the local microviscosity with the dominant
mechanism for the former being rotational motion.

The activation energy data for both diffusion (figure 3d) and amplitude (figure 3b) are independent of
aggrecan concentration. As above, we infer this to mean that the aggrecan molecules were only acting
as barriers to diffusion and the structure of the water between the macromolecules was not significantly
affected. The activation energy for R1 (both high and low field) is also approximately independent of
concentration. The amplitude, however, is not constant, instead showing a roughly linear increase with
concentration at both high- and low-field strengths. The amplitude term represents the relaxation time or
diffusion at infinite temperature and so is related to the configurational degrees of freedom available to
the system for diffusion or relaxation and, in turn, the entropy of the system. The increase in amplitude
thus suggests the increase in concentration results in a reduction in the number of pathways for rotation
due to configurational restrictions [14].

The activation energy for R2, however, shows more variation; at low field, the activation energy for R2
showed a linear decrease with increasing concentration, yet at high field, this same parameter showed
a linear increase at lower concentrations, but then flattened off at higher concentrations. In general,
the Arrhenius parameters for R2 are more complicated than for R1 or diffusion. For example, Fung &
McGaughy [44] measured relaxation rates (at a field strength of approx. 0.22 T) and their activation
energies in muscle tissue. For protons, they measured 9.1 and −1.3 kJ mol−1, respectively, for R1 and
R2. They attributed these low values (especially for R2) to chemical exchange between water protons
and labile macromolecular protons and provided evidence for this conclusion by comparing activation
energies for oxygen-17 (which does not undergo chemical exchange [45,46]). The activation energies they
found for 17O were 18 and 14 kJ mol−1, respectively, for R1 and R2. Note that the 17O activation energy
for R1 is very close to our high-field measurements for R1 and diffusion. The negative value quoted
above for the R2 activation energy of protons suggests that chemical exchange may be important even
at low fields for water in muscle and thus both our high- and low-field measurements are likely to be
complicated by this mechanism.

The Arrenhius amplitude term for R2 also shows variation; a slow linear increase with concentration
at high field and an exponential increase with concentration for the low-field measurements. As with the
amplitude term for R1, this is also believed to be due to the entropy in the system for relaxation [14].



9

rsos.royalsocietypublishing.org
R.Soc.opensci.3:150705

................................................
An important aspect, which was not considered during this work, particularly in the context of

cartilage response to compressive loading, is the effect of osmolarity. In this work, we used a fixed
concentration of salt solution while investigating the effects of the aggrecan concentration but it is known
that calcium ions, in particular, play an important role [47–50] in the structure and function of cartilage
and its constituents.

5. Conclusion
We have measured proton transverse and longitudinal relaxation rates and diffusion coefficients as a
function of aggrecan solution concentration and temperature. We compared the relaxation rates at low
field (0.5 T) and high field (9.4 T). We found that the transverse relaxation rate R2 was the most sensitive
to the aggrecan concentration, particularly so at the higher field strength where chemical exchange is
likely to be the dominant mechanism. The longitudinal relaxation rate R1 was much less sensitive to
aggrecan concentration and also exhibited the opposite trend with regard to field strength; that is, R1
was more sensitive to aggrecan concentration at the lower field.

The inverse diffusion coefficient was found to be approximately proportional to the high-field R1 such
that the product DR1 was constant for all temperatures and concentrations. This observation suggests
that both the R1 process (high field) and diffusion are controlled by the local microviscosity.

Activation energies for R1 and diffusion appeared to be approximately independent of concentration
which suggests that the presence of aggrecan does not significantly alter the water structure away from
the aggrecan molecules. The activation energy for R2, however, showed a more complicated behaviour
with concentration and field strength, again, presumably due to the effects of chemical exchange.

While future work is required to confirm these conclusions, we believe this approach offers promise
in strengthening our understanding of magnetic resonance methods as applied to articular cartilage.

Data accessibility. Data from: an NMR Study of Water in Aggrecan Solutions. Dryad Digital Repository. http://dx.doi.
org/10.5061/dryad.0dg47.
Authors’ contributions. R.J.F., R.A.D. and T.G.B. prepared the samples. R.J.F. and R.A.D. acquired the NMR data. R.J.F.,
R.A.D. and M.E.R. analysed and interpreted the data. T.G.B. performed the biochemical assays. R.J.F., R.A.D., S.W.S.
and M.E.R. conceived and designed the study. All authors helped draft the manuscript and gave final approval for
publication.
Competing interests. We have no competing interests.
Funding. This work was funded through WELMEC, a Centre of Excellence in Medical Engineering funded by the
Wellcome Trust and EPSRC, under grant no. WT088908/Z/09/Z. M.E.R. is a Royal Society Industry Fellow.
Acknowledgements. The authors would also like to thank Eileen Ingham, Andres Barco and James Warren for advice with
the physiological salt solution.

References
1. Kiani C, Chen L, Wu YJ, Yee AJ, Yang BB. 2002

Structure and function of aggrecan. Cell Res. 12,
19–32. (doi:10.1038/sj.cr.7290106)

2. Hascall VC, Sajdera SW. 1970 Physical properties
and polydispersity of proteoglycan from bovine
nasal cartilage. J. Biol. Chem. 245,
4920–4930.

3. Chandran PL, Horkay F. 2012 Aggrecan, an unusual
polyelectrolyte: review of solution behavior and
physiological implications. Acta Biomater. 8,
3–12. (doi:10.1016/j.actbio.2011.08.011)

4. Horkay F, Basser PJ, Hecht AM, Geissler E. 2008
Gel-like behavior in aggrecan assemblies. J. Chem.
Phys. 128, 135103. (doi:10.1063/1.2884350)

5. Gribbon P, Hardingham TE. 1998 Macromolecular
diffusion of biological polymers measured by
confocal fluorescence recovery after
photobleaching. Biophys. J. 75, 1032–1039.
(doi:10.1016/S0006-3495(98)77592-7)

6. Papagiannopoulos A, Waigh TA, Hardingham T,
Heinrich M. 2006 Solution structure and dynamics
of cartilage aggrecan. Biomacromolecules 7,
2162–2172. (doi:10.1021/bm060287d)

7. Wilson W, van Donkelaar CC, van Rietbergen R,
Huiskes R. 2005 The role of computational models in
the search for the mechanical behavior and damage
mechanisms of articular cartilage.Med. Eng. Phys.
27, 810–826. (doi:10.1016/j.medengphy.2005.
03.004)

8. Bitton R. 2009 The economic burden of
osteoarthritis. Am. J. Managed Care 15, S230–S235.

9. Binks DA, Hodgson RJ, Ries ME, Foster RJ, Smye SW,
McGonagle D, Radjenovic A. 2013 Quantitative
parametric MRI of articular cartilage: a review of
progress and open challenges. Br. J. Radiol. 86,
20120163. (doi:10.1259/bjr.20120163)

10. Burstein D, Bashir A, Gray ML. 2000 MRI techniques
in early stages of cartilage disease. Investig. Radiol.
35, 622–638. (doi:10.1097/00004424-200010000-
00008)

11. Urban JPG. 1994 The chondrocyte: a cell under
pressure. Br. J. Rheumatol. 33, 901–908.
(doi:10.1093/rheumatology/33.10.901)

12. Cotts RM, Hoch MJR, Sun T, Markert JT. 1989 Pulsed
field gradient stimulated echo methods for
improved NMR diffusion measurements in

heterogeneous systems. J. Magn. Reson. 83,
252–266. (doi:10.1016/0022-2364(89)90189-3)

13. Bottomley PA, Foster TH, Argersinger RE, Pfeifer LM.
1984 A review of normal tissue hydrogen NMR
relaxation times and relaxation mechanisms from
1–100 MHz: dependence on tissue-type, NMR
frequency, temperature, species, excision, and age.
Med. Phys. 11, 425–448. (doi:10.1118/1.595535)

14. Lingwood MD, Zhang ZY, Kidd BE, McCreary
KB, Hou JB, Madsen LA. 2013 Unraveling the local
energetics of transport in a polymer ion conductor.
Chem. Commun. 49, 4283–4285. (doi:10.1039/
c2cc37173a)

15. Rieke V, Pauly KB. 2008 MR thermometry. J. Magn.
Reson. Imaging 27, 376–390. (doi:10.1002/jmri.
21265)

16. Bloembergen N, Purcell EM, Pound RV. 1948
Relaxation effects in nuclear magnetic resonance
absorption. Phys. Rev. 73, 679–712. (doi:10.1103/
PhysRev.73.679)

17. Solomon I. 1955 Relaxation processes in a system of
two spins. Phys. Rev. 99, 559–565. (doi:10.1103/Phys
Rev.99.559)

http://dx.doi.org/10.5061/dryad.0dg47
http://dx.doi.org/10.5061/dryad.0dg47
http://dx.doi.org/doi:10.1038/sj.cr.7290106
http://dx.doi.org/doi:10.1016/j.actbio.2011.08.011
http://dx.doi.org/doi:10.1063/1.2884350
http://dx.doi.org/doi:10.1016/S0006-3495(98)77592-7
http://dx.doi.org/doi:10.1021/bm060287d
http://dx.doi.org/doi:10.1016/j.medengphy.2005.03.004
http://dx.doi.org/doi:10.1016/j.medengphy.2005.03.004
http://dx.doi.org/doi:10.1259/bjr.20120163
http://dx.doi.org/doi:10.1097/00004424-200010000-00008
http://dx.doi.org/doi:10.1097/00004424-200010000-00008
http://dx.doi.org/doi:10.1093/rheumatology/33.10.901
http://dx.doi.org/doi:10.1016/0022-2364(89)90189-3
http://dx.doi.org/doi:10.1118/1.595535
http://dx.doi.org/doi:10.1039/c2cc37173a
http://dx.doi.org/doi:10.1039/c2cc37173a
http://dx.doi.org/doi:10.1002/jmri.21265
http://dx.doi.org/doi:10.1002/jmri.21265
http://dx.doi.org/doi:10.1103/PhysRev.73.679
http://dx.doi.org/doi:10.1103/PhysRev.73.679
http://dx.doi.org/doi:10.1103/PhysRev.99.559
http://dx.doi.org/doi:10.1103/PhysRev.99.559


10

rsos.royalsocietypublishing.org
R.Soc.opensci.3:150705

................................................
18. McConnell HM. 1958 Reaction rates by nuclear

magnetic resonance. J. Chem. Phys. 28, 430–431.
(doi:10.1063/1.1744152)

19. Edzes HT, Samulski ET. 1977 Cross relaxation and
spin diffusion in proton NMR of hydrated collagen.
Nature 265, 521–523. (doi:10.1038/265521a0)

20. Edzes HT, Samulski ET. 1978 Measurements of
cross-relaxation effects in proton NMR spin-lattice
relaxation of water in biological systems: hydrated
collagen and muscle. J. Magn. Reson. 31, 207–229.
(doi:10.1016/0022-2364(78)90185-3)

21. Koenig SH, Bryant RG, Hallenga K, Jacob GS. 1978
Magnetic cross-relaxation among protons in protein
solutions. Biochemistry 17, 4348–4358.
(doi:10.1021/bi00613a037)

22. Halle B. 2004 Protein hydration dynamics in
solution: a critical survey. Phil. Trans. R. Soc. Lond. B
359, 1207–1223. (doi:10.1098/rstb.2004.1499)

23. Halle B. 1999 Water in biological systems: the NMR
picture. In Hydration processes in biology: theoretical
and experimental approaches (ed. MC Bellissent-
Funel), pp. 233–249. Amsterdam, The Netherlands:
IOS Press.

24. Zimmerman JR, Brittin WE. 1957 Nuclear magnetic
resonance studies in multiple phase systems:
lifetime of a water molecule in an adsorbing phase
on silica gel. J. Phys. Chem. 61, 1328–1333.
(doi:10.1021/j150556a015)

25. Gore JC, Kennan RP. 1999 Physical and physiological
basis of magnetic relaxation. InMagnetic resonance
imaging (eds DD Stark, WG Bradley), pp. 33–42.
New York, NY: C.V. Mosby Publishing Co.

26. Duvvuri U, Goldberg AD, Kranz JK, Hoang L, Reddy
R, Wehrli FW, Wand AJ, Englander SW, Leigh JS.
2001 Water magnetic relaxation dispersion in
biological systems: the contribution of proton
exchange and implications for the noninvasive
detection of cartilage degradation. Proc. Natl Acad.
Sci. USA 98, 12 479–12 484. (doi:10.1073/pnas.
221471898)

27. Knispel RR, Pintar MM. 1975 Temperature-
dependence of proton-exchange time in pure
water by NMR. Chem. Phys. Lett. 32, 238–240.
(doi:10.1016/0009-2614(75)85113-x)

28. McLaughlin AC, Leigh JS. 1973 Relaxation-times in
systems with chemical exchange—approximate
solutions for nondilute case. J. Magn. Reson. 9,
296–304. (doi:10.1016/0022-2364(73)90046-2)

29. Denisov VP, Halle B. 2002 Hydrogen exchange rates
in proteins from water H-1 transverse magnetic
relaxation. J. Am. Chem. Soc. 124, 10 264–10 265.
(doi:10.1021/ja027101c)

30. Zhong JH, Gore JC, Armitage IM. 1989 Relative
contributions of chemical-exchange and other
relaxation mechanisms in protein solutions and
tissues.Magn. Reson. Med. 11, 295–308.
(doi:10.1002/mrm.1910110304)

31. Stikov N, Keenan KE, Pauly JM, Smith RL, Dougherty
RF, Gold GE. 2011 Cross-relaxation imaging of
human articular cartilage.Magn. Reson. Med. 66,
725–734. (doi:10.1002/mrm.22865)

32. Yarnykh VL, Yuan C. 2004 Cross-relaxation imaging
reveals detailed anatomy of white matter fiber
tracts in the human brain. Neuroimage 23,
409–424. (doi:10.1016/j.neuroimage.2004.
04.029)

33. Hills BP. 1992 The proton-exchange cross-relaxation
model of water relaxation in biopolymer systems.
Mol. Phys. 76, 489–508. (doi:10.1080/
00268979200101491)

34. Zhong JH, Gore JC, Armitage IM. 1990 Quantitative
studies of hydrodynamic effects and
cross-relaxation in protein solutions and tissues
with proton and deuteron longitudinal
relaxation-times.Magn. Reson. Med. 13, 192–203.
(doi:10.1002/mrm.1910130203)

35. Maclean C, Mackor EL. 1966 Transverse relaxation in
systems of two nonidentical spins. J. Chem. Phys.
44, 2708–2715. (doi:10.1063/1.1727116)

36. Comper WD, Williams RPW. 1987 Hydrodynamics of
concentrated proteoglycan solutions. J. Biol. Chem.
262, 13 464–13 471.

37. Torzilli PA, Arduino JM, Gregory JD, Bansal M. 1997
Effect of proteoglycan removal on solute mobility in
articular cartilage. J. Biomech. 30, 895–902.
(doi:10.1016/s0021-9290(97)00059-6)

38. Powell RE, Roseveare WE, Eyring H. 1941 Diffusion,
thermal conductivity, and viscous flow of liquids.
Ind. Eng. Chem. 33, 430–435. (doi:10.1021/ie50376
a003)

39. Gisser DJ, Ediger MD. 1993 Modification of solvent
rotational dynamics by the addition of small
molecules or polymers. J. Phys. Chem. 97,
10 818–10 823. (doi:10.1021/j100143a048)

40. Antony JH, Dölle A, Mertens D, Wasserscheid P,
Carper WR, Wahlbeck PG. 2005 13C NMR relaxation

rates in the ionic liquid 1-methyl-3-nonyl-
imidazolium hexafluorophosphate. J. Phys. Chem. A
109, 6676–6682. (doi:10.1021/jp0518005)

41. Boeré RT, Kidd RG. 1983 Rotational correlation times
in nuclear magnetic relaxation. In Annual reports on
NMR spectroscopy (ed. GAWebb), pp. 319–385. New
York, NY: Academic Press.

42. McLaughlin E. 1959 Viscosity and self-diffusion in
liquids. Trans. Faraday Soc. 55, 28–38. (doi:10.1039/
TF9595500028)

43. Hall CA, Le KA, Rudaz C, Radhi A, Lovell CS, Damion
RA, Budtova T, Ries ME. 2012 Macroscopic and
microscopic study of 1-ethyl-3-methyl-imidazolium
acetate–water mixtures. J. Phys. Chem. B 116,
12 810–12 818. (doi:10.1021/jp306829c)

44. Fung BM, McGaughy TW. 1979 Study of spin-lattice
and spin-spin relaxation-times of H-1, H-2, and O-17
in muscle water. Biophys. J. 28, 293–303.
(doi:10.1016/S0006-3495(79)85177-2)

45. Denisov VP, Halle B. 1996 Protein hydration
dynamics in aqueous solution. Far. Discuss. 103,
227–244. (doi:10.1039/fd9960300227)

46. Halle B, Wennerstrom H. 1981 Interpretation of
magnetic-resonance data from water nuclei in
heterogeneous systems. J. Chem. Phys. 75,
1928–1943. (doi:10.1063/1.442218)

47. Lüsse S, Knauss R, Werner A, Gründer W, Arnold K.
1995 Action of compression and cations on the
proton and deuterium relaxation in cartilage.Magn.
Reson. Med. 33, 483–489. (doi:10.1002/mrm.19103
30405)

48. Werner A, Grunder W. 1999 Calcium-induced
structural changes of cartilage proteoglycans
studied by H-1 NMR relaxometry and diffusion
measurements.Magn. Reson. Med. 41, 43–50.
(doi:10.1002/(sici)1522-2594(199901)41:1
<43::aid-mrm8>3.0.co;2-e)

49. Elder SH, Sanders SW, McCulley WR, Marr ML, Shim
JW, Hasty KA. 2006 Chondrocyte response to cyclic
hydrostatic pressure in alginate versus pellet
culture. J. Orthopaedic Res. 24, 740–747.
(doi:10.1002/jor.20086)

50. O’Conor CJ, Leddy HA, Benefield HC, Liedtke WB,
Guilak F. 2014 TRPV4-mediated
mechanotransduction regulates the metabolic
response of chondrocytes to dynamic loading. Proc.
Natl Acad. Sci. USA 111, 1316–1321. (doi:10.1073/pnas.
1319569111)

http://dx.doi.org/doi:10.1063/1.1744152
http://dx.doi.org/doi:10.1038/265521a0
http://dx.doi.org/doi:10.1016/0022-2364(78)90185-3
http://dx.doi.org/doi:10.1021/bi00613a037
http://dx.doi.org/doi:10.1098/rstb.2004.1499
http://dx.doi.org/doi:10.1021/j150556a015
http://dx.doi.org/doi:10.1073/pnas.221471898
http://dx.doi.org/doi:10.1073/pnas.221471898
http://dx.doi.org/doi:10.1016/0009-2614(75)85113-x
http://dx.doi.org/doi:10.1016/0022-2364(73)90046-2
http://dx.doi.org/doi:10.1021/ja027101c
http://dx.doi.org/doi:10.1002/mrm.1910110304
http://dx.doi.org/doi:10.1002/mrm.22865
http://dx.doi.org/doi:10.1016/j.neuroimage.2004.04.029
http://dx.doi.org/doi:10.1016/j.neuroimage.2004.04.029
http://dx.doi.org/doi:10.1080/00268979200101491
http://dx.doi.org/doi:10.1080/00268979200101491
http://dx.doi.org/doi:10.1002/mrm.1910130203
http://dx.doi.org/doi:10.1063/1.1727116
http://dx.doi.org/doi:10.1016/s0021-9290(97)00059-6
http://dx.doi.org/doi:10.1021/ie50376a003
http://dx.doi.org/doi:10.1021/ie50376a003
http://dx.doi.org/doi:10.1021/j100143a048
http://dx.doi.org/doi:10.1021/jp0518005
http://dx.doi.org/doi:10.1039/TF9595500028
http://dx.doi.org/doi:10.1039/TF9595500028
http://dx.doi.org/doi:10.1021/jp306829c
http://dx.doi.org/doi:10.1016/S0006-3495(79)85177-2
http://dx.doi.org/doi:10.1039/fd9960300227
http://dx.doi.org/doi:10.1063/1.442218
http://dx.doi.org/doi:10.1002/mrm.1910330405
http://dx.doi.org/doi:10.1002/mrm.1910330405
http://dx.doi.org/doi:10.1002/(sici)1522-2594(199901)41:1{{$<$}}43::aid-mrm8{{$>$}}3.0.co;2-e
http://dx.doi.org/doi:10.1002/(sici)1522-2594(199901)41:1{{$<$}}43::aid-mrm8{{$>$}}3.0.co;2-e
http://dx.doi.org/doi:10.1002/jor.20086
http://dx.doi.org/doi:10.1073/pnas.1319569111
http://dx.doi.org/doi:10.1073/pnas.1319569111

	Introduction
	Material and methods
	Aggrecan solutions
	Low-field nuclear magnetic resonance
	High-field nuclear magnetic resonance

	Results
	Discussion
	Conclusion
	References

