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Quantifying the diffusive transport of large molecules in avas- cartilage degradation of osteoarthritis (1–6). Proposed trea
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cular cartilage tissue is important both for planning potential
pharamacological treatments and for gaining insight into the mo-
lecular-scale structure of cartilage. In this work, the diffusion
coefficients of gadolinium–DTPA and Gd-labeled versions of four
proteins—lysozyme, trypsinogen, ovalbumin, and bovine serum
albumin (BSA) with molecular weights of 14,300, 24,000, 45,000,
and 67,000, respectively—have been measured in healthy and
degraded calf cartilage. The experimental technique relies on the
effect of the paramagnetic on the relaxation properties of the
surrounding water, combined with the time course of a 1-dimen-
sional spatial profile of the water signal in the cartilage sample.
The enhanced technique presented here does not require a prior
measurement of the relaxivity of the paramagnetic compound in
the sample of interest. The data are expressed as the ratio of the
diffusion coefficient of a compound in cartilage to its diffusion
coefficient in water. For healthy cartilage, this ratio was 0.34 6
0.07 for Gd–DTPA, the smallest compound, and fell to 0.3 6 0.1
for Gd–lysozyme, 0.08 6 0.04 for Gd–trypsinogen, and 0.07 6 0.04
or Gd–ovalbumin. Gd–BSA did not appear to enter healthy
artilage tissue beyond a surface layer. After the cartilage had been
egraded by 24-h trypsinization, these ratios were 0.60 6 0.03 for
d–DTPA, 0.40 6 0.08 for Gd–lysozyme, 0.42 6 0.09 for Gd–

rypsinogen, 0.16 6 0.14 for Gd–ovalbumin, and 0.11 6 0.05 for
Gd–BSA. Thus, degradation of the cartilage led to increases in the
diffusion coefficient of up to fivefold for the Gd-labeled proteins.
These basic transport parameters yield insights on the nature of
pore sizes and chemical–matrix interactions in the cartilage tissue
and may prove diagnostically useful for identifying the degree and
nature of damage to cartilage. © 2001 Academic Press
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INTRODUCTION

Since articular cartilage contains no blood vessels thro
out most of its volume, the chondrocytes within the carti
tissue must receive nutrients and macromolecules from
articular surface by diffusive transport and/or entrainmen
the fluid being transported. The quantitative evaluation
macromolecular transport through the cartilage matrix is li
to be especially important in the study and treatment of o
arthritis. Macromolecules such as metalloproteinases,
kines, and growth factors have been shown to play a ro
1261090-7807/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
h-
e
he
n
f
y
o-
o-
in

ments include protease inhibitors and cytokines that antag
the action of interleukin-1. All of these molecules are prot
that must move through the cartilage matrix to exert their e
on either chondrocytes or the structural matrix. In this stud
1-dimensional NMR imaging technique is developed and
to measure the diffusion coefficients of several protein-s
molecules in healthy and degraded cartilage.

In previous studies, the diffusivity of small molecules (m
lecular weight less than 200) in healthy articular cartilage
been shown to be 45 to 60% of that of the same molecu
aqueous solution (7, 8). This fraction is largely independent
the charge of the diffusing molecule. Degraded cartil
whether produced byin vitro protease treatment or obtain
from arthritic joints, exhibits an increased weight fraction
water (hydration) and an increased diffusivity (7, 9). Static
ompression of cartilage had the reverse effects, with
reased hydration and a decreased diffusivity of water.
orrelation between hydration and diffusivity indicates
teric hindrance plays a large role in determining the diffu
oefficient of small molecules in cartilage. A study of
iffusion of divalent copper ion into bovine nasal cartil

ound a potential interaction between the copper and the
harges of the cartilage matrix, leading to non-Fickian d
ion behavior (10). Cyclic compression does not alter
ransport of small molecules significantly, as measured b
ate of absorption of the solute into cartilage (11, 12).

In studies of larger molecules, the diffusion coefficien
erum albumin in articular cartilage was found to be 25% o
alue in aqueous solution (9). This finding only applied t
rticular cartilage with a fixed charge density (FCD) betw
0.05 and20.13 mz equiv/g. When the FCD was even m

negative, the partition coefficient for serum albumin, define
the ratio of the concentration of a solute in cartilage to
concentration in a bathing solution at equilibrium, was v
low (0.01 or less), which may have made measurement o
diffusion coefficient difficult. In this same study, the partit
coefficient was found to strongly depend not only on FCD
also on the size of the solute for molecular weights ran
from 17,000 to 160,000. The diffusion coefficient was
measured for these other molecular weights.
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127DIFFUSION OF PROTEINS IN CARTILAGE
coefficients of various sizes of dextran in articular carti
which decreased with increasing Stokes radius (13). In contras
o small solutes, cyclic compression tended to enhanc
ransport of serum albumin (12), proteoglycan fragments, a
ollagen fragments (14) by 30 to 100%. A quantitative estima
f the effective diffusion constant was not obtained in th
tudies. This enhanced transport was hypothesized to aris
o increased fluid flow in the cartilage due to cyclic comp
ion (11, 15). Static compression impeded the flow of lar
olecules (14).
This study characterizes and models the transport of a

f protein sizes under varying degradation states of arti
artilage. The experimental technique involves chelating
linium (Gd) to the protein and then using a time-serie
agnetic resonance 1-dimensional profiles to monitor

ransport of the bound Gd into a cartilage sample of de
eometry. Such a technique has been described (16), but this
revious technique required a separate determination o
elaxivity of the paramagnetic compound in the gel. The
roach described here measures the relaxivity and diffu
oefficient with a single experiment. The technique is
alidated by mathematical simulations and by measuring
iffusion of copper ions in agarose gel.

THEORY

Diffusion Theory

The geometry of the experiment allows transport of
paramagnetic compound from a well-mixed reservoir thro
just one end of the cylindrical cartilage. Thus, the conce
tion of the paramagnetic compound varies only in one dim
sion. The NMR images (1-d profiles) used to monitor
transport of the paramagnetic compound into the cart
produce a signal intensity that depends on the water relax
time T1. The effect of the paramagnetic is to shorten theT1 of
surrounding water according to

1

T1
5 a 1 bC, [1]

whereC is the concentration of the Gd-labeled protein,a is the
inverseT1 of water in the absence of the paramagnetic, ab
is the molar relaxivity. Thus, the signal intensity at a gi
spatial position in the sample reflects the concentration o
protein of interest at that position. By obtaining a time-serie
these profiles as the paramagnetic compound moves in
cartilage, one can determine the time required for each
centration of protein to reach a given position within
sample.

The solution to the diffusion equation for free diffusion i
a semi-infinite slab (sample at all locations wherex . 0) from
a constant concentration reservoir is
e
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C 5 C0 z k z erfcFx 1 x0

2ÎDt G , [2]

whereC0 is the concentration of paramagnetic molecule in
reservoir,k is the partition coefficient for the paramagne
(mM paramagnetic in tissue water/mM paramagnetic in rese
voir), x is the distance from the solution–cartilage boundarx0

is a parameter to account for uncertainty in the precise loc
of the solution–cartilage boundary,t is the elapsed time of th
experiment, andD is the diffusion coefficient. Parameterx0

exists because the location of the solution–cartilage boun
is not precisely determined by the NMR profile, and there
the depth of any particular NMR data point in the profile
better determined by fitting the diffusion model to the data
by choosing the boundary location. Substitution of Eq. [2]
Eq. [1] produces an equation in whichT1 depends on positio
in the sample (x) and time of experiment. Note that subst
tion of Eq. [2] into Eq. [1] produces the productb z C0 z k,
which is considered a single parameter calledP1 for curve-
fitting purposes. Equation [2] assumes a sample that is in
in width and semi-infinite in depth. Regarding width, the sm
diffusion distance in thex direction (at most 1.0 mm) relativ
to the width of the sample (7 mm) indicates that the la
edges of the sample will exert a minimal effect. Regarding
depth, care must be taken to only use data in which no de
able paramagnetic has reached the bottom of the samp
detected by a decrease in the signal intensity at the botto
the sample for the most sensitive profile. Only data obta
before this event are used for data analysis.

NMR Microscopy

The T1 measurement is accomplished using a standar-
version-recovery NMR pulse sequence (Fig. 1). The N
signal intensity from the inversion recovery pulse sequen
given by

M 5 M0 z ~e2TE/T2!~1 2 ~1 2 cosa!e2TI/T1!, [3]

whereM is the resultant signal intensity,M 0 is the maximum
signal intensity,a is the RF pulse angle (nominally 180°, b
must curve-fit for accurate value), TE is the echo time, an
is the delay following the inversion pulse. ThisT1 measure-

FIG. 1. Schematic of the NMR pulse sequence used for acquisitio
diffusion data. The time TI is variable. The time TE is typically 7 ms.
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128 FOY AND BLAKE
the diffusion direction so as to acquire a profile of theT1-
dependent signal intensity along the depth of the cartilag

Substituting Eq. [2] into Eq. [1] and then substituting
result into Eq. [3] produces the equation used to fit NMR si
intensity data. The echo time TE was short (7 ms) relativeT2

in the absence of paramagnetic (50 to 100 ms in carti
higher in agarose gels). In the presence of paramagnetic,T2

will decrease as the concentration of paramagnetic incre
However, the effect of alteredT2 as the paramagnetic diffus
will be quite minimal until high concentrations of param
netic are reached due to the high initialT2 of the sample
relative to TE. For example, a reduction ofT2 from 100 to 60
ms causes only a 4.6% reduction in signal intensity, which
small change compared to the changes in signal intensit
to T1 alterations. Therefore, due to the small effect ofT2 on
signal intensity,M 0 z exp(2TE/T2) is grouped into a sing
parameter calledM 1. The full equation is then

M 5 M1~1 2 ~1 2 cosa!e2TIz~a1P1zerfc~~ x1x0!/ 2ÎDefft!!!. [4]

Prior to initiating the diffusion of the paramagnetic co
pound, the proton signal intensity anda at each depth o
cartilage were measured. These data are used to facilita
curve-fits of the paramagnetic diffusion data. Neither the
proton signal intensity (M 1) nora is expected to change duri
the diffusion experiment.

Diffusion Measurement

The NMR technique used to estimate the diffusion con
is related to a technique previously used to monitor diffusio
gels (16) and cartilage (10). In that earlier technique, a sign
ntensity profile is obtained as a function of time after expo
ne surface of the sample to a paramagnetic compound
ignal intensity profile that is monitored is obtained using
nversion-recovery pulse sequence at a single TI value.
aking the absolute value of the signal intensity data, the
rominent feature of such a profile is a null signal at a pa
lar depth in the sample. According to Eq. [3], the null sig

or a particular TI corresponds to a specificT1 value and thu
also corresponds to a particular concentration of the para
netic compound according to Eq. [1]. As the experim
progresses, the null point progresses deeper into the s
according to the diffusion equation. Note that a different ch
of TI would produce a null point that moves through
cartilage at a different “rate,” simply because it is trackin
greater or lesser concentration of the paramagnetic. In ord
accurately quantifyD from this experiment, one needs to kn
the concentration that is represented by this null point. Ex
ination of Eqs. [1] and [4] reveals that relating the choice
particular TI to a particular concentration that gives the
signal (or any other signal intensity) requires knowledge o
al
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in previous studies has been to perform a separate deter
tion of theb z k product of the paramagnetic compound in
gel of interest. This measurement is done by equilibra
multiple gel samples in solutions of varying paramagn
concentration and then measuring theT1 of each sample usin
multiple TI values and the standard inversion-recovery ex
iment. In some experiments this approach may be eithe
possible, if the number of samples is limited or the biolog
experiment is performedin vivo, or simply inefficient due t
the requirement of the separate determination of relaxivity
partition coefficients.

Therefore, a modification of this technique was made
monitoring multiple TI values as the paramagnetic compo
diffuses into the sample. This modification thus combines
b z k product measurement and the 1-dimensional diffu
experiment, both described above. In practice, the combin
of these two measurements is performed by obtaining a p
at one TI value, then obtaining a profile at a second TI va
and so on until profiles at 10 TI values have been obta
Then this sequence of sequentially obtaining profiles a
different TI values is repeated until the diffusion experime
complete. This process is illustrated in Fig. 2, in which e
row represents a specific TI value, and each column repre
a different cycle through the list of TI values. Thus,
experiment described previously (10, 16) would correspond t
a single row of Fig. 2.

EXPERIMENTAL

Sample and Solution Preparation

Agarose gels were prepared by mixing 1 or 3% (w/v) a
rose (Sigma, St. Louis) in 150 mM NaCl solutions at ro
temperature. The mixture was heated in a 100°C water
until the agarose dissolved and then poured into a cylind
sample holder with a diameter of 7 mm. The depth of the
was 1 to 2 cm. After gelling, the plug was removed from
sample holder, the meniscus was trimmed from the plug
then the entire plug was inverted and reinserted into the sa
holder. This enabled the exposure of a flat surface to the
containing the diffusing compound.

Frozen knee joints of 6- to 10-week-old calves were
tained from a local supplier (Der Dutchman, Waynesv
OH). Articular cartilage was harvested from the femoropat
groove. A coring tool was used to create plugs of cartilage
underlying bone of diameter 7 mm. The plugs were then pl
in a lathe and then the cartilage was trimmed on the top su
(formerly exposed to synovial space) and trimmed away
the bone to create plane-parallel disks of thickness 1 to 2.5
The cartilage disks were stored at220°C until the time of th
experiment. Some cartilage disks were placed in a bath
taining 10 mg/ml trypsin (Sigma) for 24 h. Treatment w
trypsin degrades the proteoglycan matrix, thereby reducin
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129DIFFUSION OF PROTEINS IN CARTILAGE
FCD and simulating a degenerative state of the cartilage7).
The 24-h exposure to trypsin leads to a significant los
proteoglycans from the cartilage tissue and thereby prod
severely degraded cartilage.

The paramagnetic atom gadolinium was attached to se
proteins using a previously published method (17). The proce
dure used to prepare Gd–bovine serum albumin (BSA
briefly described. To 200 ml of a 0.1 M solution of NaHC3,
BSA (MW 67 kDa, Sigma) is added such that its concentra
is 75 mM. Then 1.5 mM cyclic DTPA anhydride (DTPAA
Aldrich Chemical Co., Milwaukee, WI) is added. The solut
is briefly stirred and then allowed to sit for 5 min to all
covalent bonding of DTPA to the protein. After the 5-m
duration, 1.0 M acetic acid is added until the pH becomes
Then 2.3 mM gadolinium chloride hexahydrate (GdCl3, Al-
drich Chemical Co.) is added and mixed, and the solutio
allowed to stand for 30 min to allow chelation of the gado

FIG. 2. Sequence of experiments to perform the diffusion measurem
the first column) until all TI values have been used. Then the cycle is r
5 to 10 cycles through the TI list. The times printed inside each subgraph
with the paramagnetic. Each row is labeled with the TI value that is use
0.4 s than for TI5 0.2 s. This is due to the fact that a TI of 0.4 s is trackin
from an experiment in which Gd–lysozyme diffuses into healthy cartilag
of
es

ral
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n
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ium. The resulting solution is transferred to dialysis tub
(6000–8000 MW cutoff, Spectra/Por1, Fisher Scientific)
dialyzed against 2 L of 0.15 M NaCl plus 0.025 M Tris at p
8.0 for 24 h to remove unchelated gadolinium from the s
tion. A second dialysis is then performed against a new
NaCl plus Tris solution for 24 h. A similar procedure was u
to chelate Gd to lysozyme (MW 14 kDa), trypsinogen (MW
kDa), and ovalbumin (MW 45 kDa) (all proteins from Sigm
For lysozyme, the concentrations were: protein, 180mM;
DTPAA, 7 mM; and GdCl3, 8.7 mM. For trypsinogen, th
concentrations were: protein, 100mM; DTPAA, 2.91 mM; and
GdCl3, 4.17 mM. For ovalbumin, the concentrations w
protein, 150mM; DTPAA, 3.0 mM; and GdCl3, 5.2 mM. The
T1 values of the final Gd–protein chelate solutions used fo
diffusion experiments were as follows: Gd–BSA, 0.15
0.29 s; Gd–lysozyme, 0.10 to 0.29 s; Gd–trypsinogen, 0.
0.24 s; Gd–ovalbumin, 0.10 to 0.23 s.

. Starting at the top left, a profile is obtained for each of the TI values (m
ated until a sufficient motion of paramagnetic into the sample is detectically
the average times (for the eight acquisitions) for each profile after initiating diffusion

or all subgraphs in that row. Note that the null point moves more rapid5
lower concentration of paramagnetic than the TI of 0.2 s. These plots
ent
epe
are
d f
g a
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130 FOY AND BLAKE
In addition, diffusion experiments were performed w
GdDTPA (Magnevist, Berlex Laboratories, Montville, N
The final solution used in diffusion experiments is 5 m
GdDTPA in 150 mM NaCl.

NMR

The cartilage disks or agarose gel plugs were placed
sample holder as shown and described in Fig. 3. A peris
pump, sitting outside the magnet, withdrew fluid from a ne
reservoir. The reservoir volume was typically 50 mL. T
pump then pushed fluid through the inflow tube in the sam
holder cap. The fluid pushed out of the outflow tube in
sample holder cap drained back into the reservoir. The ra
flow into (and out of) the chamber was set at 1 ml/s.
primary purpose of the perfusion system is to keep the ba
solution well-mixed. This fixes the boundary conditions
obtaining solutions to the diffusion equations. A secon
purpose of the perfusion system is to enable changes t
bathing/perfusion solution by changing a reservoir outside
magnet. This is a routine procedure in the diffusion exp
ment, since initially the perfusion is performed without
Gd-labeled protein for initial cartilage characterization,
then the bathing solution is abruptly switched to one conta
the Gd-labeled protein to begin the diffusion measurem
The solution flowing in and out of the chamber above
cartilage disk was changed by turning off the pump, swap
the inflow line to a new reservoir, and then restarting the pu
When sufficient time had elapsed for the old solution in
tubing to be purged, the outflow from the tubing was place
the new reservoir to reestablish the recirculating system.

FIG. 3. Schematic for NMR cartilage sample holder. The holder ha
inner diameter of the same dimension as the cartilage disk diameter, so t
cartilage fits snugly in the holder. The screw on the bottom is removed d
disk insertion, to allow air to escape, and then screwed back in after th
is in place. A cap on the holder is screwed on and makes a seal with th
using an O-ring. The cap also contains two tubes (id5 1.1 mm) running
through it, one for flow into the chamber above the cartilage disk and on
flow out of the chamber. The total volume of the chamber above the car
disk is approximately 0.2 cm3, with a small variation introduced by variati
in the thickness of the cartilage sample. No fluid resides under the ca
sample. The entire sample holder was placed horizontally in the magne
location of the 2-cm RF coil (schematically depicted as a solenoid, but ac
a saddle coil) is also shown.
a
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Biospec spectroscopy/imaging system (Bruker Instrum
Inc., Billerica, MA). The 6-cm-diameter gradients are cust
built and capable of achieving 20 G/cm. The 2-cm-diam
radiofrequency probe is a custom-built saddle coil tuned to1H.
For sodium and water measurements needed to calculate
(18), a double RF coil was created. The inner 2-cm-diam
addle coil was tuned to23Na, and the outer 2.3-cm-diame

saddle coil was tuned to1H. The experiments were all pe-
formed at room temperature, which ranged from 22 to 24.

For agarose experiments, the reservoir concentratio
CuSO4 was 15 mM. Typically, 40 or 80 profiles were acqui
during diffusion times of 60 to 90 min. Ten different
delays (0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.5, 4.0, 6.0, and 15
were used for each experiment. Thus, during a typical ag
experiment, 4 or 8 cycles through the TI delay list w
completed.

For cartilage experiments, 5 to 10 cycles through the li
10 TI values are performed, resulting in 50 to 100 pro
being acquired during a 0.5- to 3-h diffusion period. The 1
values, in the order actually used when acquiring data,
0.4, 0.3, 0.25, 0.2, 0.15, 0.1, 0.5, 0.6, 1.5, and 5.0 s. At
profile, 4 or 8 acquisitions were averaged, with a 5-s d
between acquisitions. The profiles contain 512 data po
corresponding to 512 different spatial locations within
6-mm NMR field of view. The time TE used for all expe
ments was 7 ms.

Data Analysis

Simulations of the experiment were generated using Eq
Gaussian noise, with a standard deviation of 1 or 5% ofM 1,
was added to the profiles. Ten data sets were created fo
noise level. Data analysis of this simulated data set was
formed in a manner identical to experimental data set
described below.

The absolute value ofM is used both in curve-fits and
plots to maintain consistency with previous reports using
null point technique (10, 16). Thus the parameters which a
determined by curve-fitting areM 1, a, a, P1, D, andx0. These
parameters are determined by two data sets: (1) theT1 profile
obtained before exposing the sample to the paramagnetic
pound; and (2) the diffusion data set with 50 to 100 pro
after exposure to the paramagnetic compound. The first
set, the preparamagneticT1 profile, was used to estimateM 1

and a at each depth of cartilage using Eq. [3] with theM 1

substitution. Both of these parameters are expected to re
constant even after exposing the sample to paramagnetic
second data set, the set of NMR signal intensity profiles
quired at multiple times after initiation of paramagnetic ex
sure, is then used in a curve fit of Eq. [4] to the data. The
parameters determined area, P1, D, andx0. These equation
have been implemented in MATLAB on a PC and are fit to
data using a nonlinear least-squares optimization.
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RESULTS

Simulations

Table 1 lists the true and estimated values for simu
noise levels of 1 and 5% (standard deviation as a percenta
maximum signal intensity) for the diffusion experiment. T
simulations indicate that the technique accurately determ
bothP1 and the diffusion constant in a single series of ex
iments and that it is quite insensitive to random noise in
NMR signal. The random noise in agarose gel experiments
about 0.5%, while the random noise in cartilage experim
was 2 to 5%.

Agarose Gel

To validate the NMR technique, the diffusivity of CuSO4 in
agarose, which has been studied in other published re
(16, 19), was measured using procedures and geometry
tical to that used for cartilage. Figure 4 depicts the comp

FIG. 4. Complete depth profiles at four inversion delays in 1% aga
The stirred bath is located at negative distance values, while the gel is l
at positive distance values between 0 and approximately 6000mM. Only data

oints in the region between the vertical dashed lines were used for
tting estimation of diffusivity and relaxivity. These plots were acqu
uring the following time intervals after placing CuSO4 in the bathing solution

or TI 5 0.1 s, 1510–1550 s; for TI5 0.3 s, 1590–1630 s; for TI5 0.5 s
670–1710 s; and for TI5 0.9s, 1750–1790 s.

Simulation of the Diffusion Experiment in Agarose Gel

True value
(no noise) 1% noise 5% nois

(s)21 0.40 0.4 6 0.0 0.46 0.0
P1 (s)21 9.6 9.6 6 0.2 9.26 0.3
D (1026 cm2/s) 5.00 5.026 0.03 5.06 0.1
d
of

es
r-
e
as
ts

rts
n-
te

profile across the gel for several different TI delays of
experiment. The curves in Fig. 4 were actually obtained f
close in time to each other, within 5 min, and are from a si
“column” of Fig. 2. As time progresses in the experiment, e
null point for each TI value will progress from left to rig
according to the diffusion equations. Subsequent curve-fi
to estimateD andP1 was performed only on a subsection
the complete profile, as indicated by the region between
vertical dashed lines in Fig. 4. This was to avoid signal in
sity aberrations near the boundary between the gel an
reservoir and between the gel and the bottom of the sa
These edge effects are visible as a “notch” in the profile in
4 near the zero position point and are due to differences i
magnetic susceptibility between fluid and cartilage.

The results of three experiments each for 1 and 3% con
trations of agarose gel are presented in Table 2. The diffu
constant of CuSO4 in 1 and 3% agarose determined in th
experiments is 98 and 86% of the diffusion constant of Cu4
in solution (6.53 1026 cm2/s) (10). These percentages ag
well with a summary of investigations of diffusion in gels (19),
which revealed that, in all cases where ions or small mole
like water were diffusing through agar or gelatin with a s
volume fraction of 1%, theD/D 0 ratios were between 90 a
99%. The diffusivity also reveals the expected trend
increasing agarose concentration. An estimate of the rela
b can be obtained from the parameterP1 by assuming
partition coefficient of 1.0 for CuSO4 in the agarose gel. F
the 1% experiment,b 5 9.81/(15 mM z 1.0) 5 0.65 (mM
s)21), and for the 3% experiment,b 5 10.4/(15 mMz 1.0) 5

.69 (mM z s)21. These values compare well with a separa
determined relaxivity of CuSO4 in agarose of 0.646 0.04
(mM z s)21 obtained by equilibrating concentrations of CuS4
ranging from 0 to 20 mM in 1% agarose.

Cartilage

Graphs of a typical Gd–BSA diffusion experiment
trypsinized cartilage are shown in Fig. 5. Each of the pa
depicts the magnitude of the signal intensity. The valley
inverted peak, corresponds to the situation when a zero-c
ing, or null point, would occur in a typical inversion-recov
experiment. Thex-position of this null point corresponds to t
x-position of a specific concentration of paramagnetic c
pound (16). Note the change in the null point location ver
time in Figs. 5B, 5C, and 5D. The TI used for Figs. 5B, 5C,

e.
ted

e-

Experimental Diffusivity of CuSO4 in Agarose

1% agarose 3% agarose

a (s)21 0.386 0.02 0.416 0.03
P1 (s)21 9.8 6 0.2 10.4 6 0.4
D (1026 cm2/s) 6.4 6 0.4 5.6 6 0.2
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132 FOY AND BLAKE
5D was just 1 of 10 used for the entire 40-min experiment,
five cycles completed for each TI. One of the 10 TI values
was 5 s, which is long enough so that changes inT1 from its

riginal (no paramagnetic) value of around 1 s toshorter value
will not affect signal intensity. However, if a shortening of
T2 values due to the presence of Gd leads to a loss of s

FIG. 5. Magnitude profiles from a Gd–DTPA–BSA diffusion experim
n trypsinized cartilage. (A) The entire profile of the signal from the NMR fi
f view. The cartilage sample itself resides between 0 and approximately

mm. Negative positions correspond to the bathing solution. This profile
obtained before initiating Gd–DTPA–BSA diffusion and used a TI of 5.0
order to speed curve-fitting and to avoid magnetic susceptibility artifacts
cartilage–bath boundary, only the region between the two vertical line
tween 300 and 1500mm) was used for data analysis. Only this region is sh
in the other subplots. (B), (C), and (D) contain data (circles) obtained d
the diffusion experiment and subsequent fits (lines). These plots were ac
with a TI of 0.5 s during the following time intervals after placing Gd–DTP
BSA in the bathing solution: (B) 670–710 s, (C) 1140–1180 s, and
1620–1660 s. The midpoint of each acquisition duration is used as th
value for curve-fitting.

TAB
Parameters to Curve-Fit of the Diffu

N MW
Radius
(nm)

a
(s21)

H2O NA 18 0.19a NA
d–DTPA 4 530 0.61c 1.3 6 0.2
d–lysozyme 3 14,300 2.8c 1.5 6 0.2
d–trypsinogen 4 24,000 3.5c 1.346 0.08
d–ovalbumin 3 45,000 4.7c 1.4 6 0.3
d–BSA 4 67,000 5.8c NA

Note.NA, not applicable.
a Hydrodynamic radius.
b Bursteinet al. (7).
c Radius was computed from the MW viaR 5 0.0332 z MW0.463 (21). D 0
d Measured value (22).
h
d

al

tion of signal intensity at the fluid–cartilage boundary of
than 5% was occasionally observed for this 5-s TI value,
most occurrences of signal loss occurring for the Gd–
diffusion probe.

Table 3 lists the diffusion coefficients in healthy articu
cartilage for each of the Gd-labeled compounds, along
that of H20 examined in previous work. The table also lists
estimated size of the molecule, the diffusion coefficient o
same compounds in free solution (D 0), and the ratio of cart-
lage diffusivity to free solution diffusivity (D/D 0). In addition
to the expected decrease in diffusion coefficient with incr
ing size, one can see that the diffusion coefficients of the la
molecules are a smaller fraction of the free solution diffusiv
The data reveal a steep decline inD/D 0 between the sizes
Gd–lysozyme and Gd–trypsinogen. Gd–BSA only entere
surface layers of each cartilage sample. After approximate
min, no further movement of Gd–BSA into the cartilage
observed. The average fixed charge density for all he
cartilage samples was2240 6 70 mM.

Table 4 is equivalent to Table 3, except that it prov
diffusion information for cartilage samples that have b
equilibrated in trypsin for 24 h. As expected, all solutes e
rienced enhanced diffusion in the trypsinized cartilage. A s
transition inD/D 0 ratios for trypsinized cartilage can be s
but at larger molecular sizes than observed for healthy
lage, namely between Gd–trypsinogen and Gd–ovalbu
The diffusion of Gd–BSA was easily quantifiable within a
experiment. The average fixed charge density for
trypsinized cartilage samples was240 6 44 mM.

DISCUSSION

A novel NMR technique for quantifying diffusion of par
magnetic macromolecules in gels and cartilage has been
sented. One problem with other similar NMR techniques is
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n Experiment in Healthy Cartilage

P1
(s21)

D
(1026 cm2/s)

D 0

(1026 cm2/s) D/D 0

NA 9.4 6 0.9b 23.4b 0.406 0.04
10 6 4 1.4 6 0.3 4.0c 0.346 0.07
5.66 0.6 0.256 0.09 0.87c 0.3 6 0.1
2.46 1.6 0.056 0.03 0.70c 0.086 0.04
2.76 0.6 0.046 0.02 0.52c 0.076 0.04

NA NA 0.62d ;0

s computed from the radius via the Stokes–Einstein relation.
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133DIFFUSION OF PROTEINS IN CARTILAGE
necessity of assuming that the relaxivity of the paramag
compound is unchanged when the paramagnetic comp
moves from the bathing solution to the tissue. The techn
presented here overcomes this problem by combining a
defined geometry for monitoring diffusion into a sample w
T1 measurements during the diffusion process. Using thi-
proach, CuSO4 relaxivity and diffusion coefficients in agaro

els have been determined. When using Gd-labeled pro
heD/D 0 ratio for healthy cartilage decreased as the mole
radius increased, with a steep drop off between the siz
Gd–lysozyme and Gd–trypsinogen. When applied to cart
that had been severely degraded by 24-h exposure to tr
the D/D 0 ratio went up in every case when compared
healthy cartilage. The decrease inD/D 0 ratio with increasin
molecular size was still present, but the most rapid decline
now apparent at a slightly larger molecular size—namely
tween the sizes of Gd–trypsinogen and Gd–ovalbumin.

Regarding the resolution of the NMR profiles, 512 d
points within a 6-mm field of view correspond to a slice 1
mm wide. For a pulse sequence of 0.5-s length on averag
diffusion of water molecules,D 5 9.4 3 1026 cm2/s (7),
would be expected to travel a mean distance of 31mm. Thus a
ypical water molecule will travel near paramagnetic molec
rom three adjacent slices, producing at most this leve
mprecision in the location of the resulting signal. Averag
ffects (aT1 based on the average relaxivity of three adja

slices is going to be very close to theT1 produced by the cent
slice) will somewhat minimize the imprecision. Also, the d
analysis, as graphically depicted in Figs. 2, 4, and 5, doe
depend so much on precise locations as it does on moni
the average signal trend over time from 50–100 experim

Ogston’s theory for diffusion of large molecules throu
randomly oriented straight fibers accounts for limited p
sizes and can be used to estimate the root-mean-square
of spherical spacesRrms within the fiber network (19). The
elevant equation which can be derived is

Parameters to Curve-Fit of the Diffus

N MW
Radius
(nm)

a
(s21)

H2O NA 18 0.19a NA
Gd–DTPA 3 530 0.61c 1.1 6 0.1
Gd–lysozyme 3 14,300 2.8c 0.886 0.02
Gd–trypsinogen 4 24,000 3.5c 1.2 6 0.2
Gd–ovalbumin 3 45,000 4.7c 1.226 0.06
Gd–BSA 5 67,000 5.8c 1.2 6 0.2

Note.NA, not applicable.
a Hydrodynamic radius.
b Bursteinet al. (7).
c Radius was computed from the MW viaR 5 0.0332 z MW0.463 (21). D 0
d Measured value (22).
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Rrms 5
r z ~1 2 Îw!

2ln
D

D0
2 Îw

, [5]

wherer is the radius of the diffusing macromolecule andw is
the solid volume fraction of matrix. Using estimates of s
volume fraction for healthy cartilage of 0.12 and trypsini
cartilage of 0.096 (7), application of this theory to theD/D 0

ratios given in Tables 3 and 4 produces the estimates foRrms

given in Table 5. In all cases,Rrms increased with trypsinizatio
as expected. Also, the near impermeability of healthy cart
to Gd–BSA is not surprising given this range of pore si
However, several pore size estimates don’t appear to follo
trends in the table—namely the low pore size estimate
Gd–DTPA in healthy cartilage and the elevated pore
estimates for Gd–lysozyme and Gd–trypsinogen in degr
cartilage. These anomalies may indicate that factors othe
steric hindrance may affect diffusion within the gel, such
nonrandom orientation of fibers (i.e., channels within the
sue) or charge interactions.

Since the curve-fit parameterP1 is equal tob z C0 z k, one
can obtain an estimate for the relaxivityb of these chelates
the cartilage tissue if one has knowledge of the part
coefficientk. Estimates ofP1 for protein diffusion experimen

Experiment in Trypsinized Cartilage

P1
(s21)

D
(1026 cm2/s)

D 0

(1026 cm2/s) D/D 0

NA 11.0 6 0.9b 23.4b 0.476 0.04
10.2 6 0.4 2.4 6 0.1 4.0c 0.606 0.03

2.266 0.05 0.356 0.07 0.87c 0.406 0.08
2.6 6 0.4 0.296 0.06 0.70c 0.426 0.09
8.1 6 2.0 0.096 0.07 0.52c 0.166 0.14
8.6 6 5.4 0.076 0.03 0.62d 0.116 0.05

s computed from the radius via the Stokes–Einstein relation.

TABLE 5
Calculation of Rrms using Ogston’s Theory

Rrms, healthy cartilage
(nm)

Rrms, trypsinized cartilag
(nm)

Gd–DTPA 0.54 2.09
Gd–lysozyme 2.05 3.18
Gd–trypsinogen 1.05 4.33
Gd–ovalbumin 1.32 2.13
Gd–BSA NA 2.10
ion

wa
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134 FOY AND BLAKE
(Table 3) and 8.7 s21 for Gd–BSA in trypsinized cartilag
(Table 4). If one conservatively assumes that the part
coefficient k for these proteins is around 0.1 (9), then the
product ofb z C0 is 56 s21 for Gd–lysozyme and 87 s21 for
Gd–BSA. The value ofb z C0 in saline solution was measur
just prior to each experiment and was found to be 9.76 1.4 s21

for Gd–lysozyme and 4.26 0.5 s21 for Gd–BSA. SinceC0 is
fixed, these results indicate that these large paramagnetic
ecules experienced a greatly enhanced relaxivityb in the
confined spaces of articular cartilage. Since the proton r
ation enhancement due to a paramagnetic species is a fu
of the molecular-scale interactions between the paramag
species and its local environment (17, 20), the study of th
relaxivity of paramagnetically labeled macromolecules
provide an additional tool for understanding the motion
large molecules in cartilage tissue.

CONCLUSIONS

The technique described here has been shown to accu
estimate the diffusion coefficient both in mathematical si
lations and in a diffusion experiment of CuSO4 in agarose ge
The advantage of the technique is that separate measure
of relaxivity and partition coefficient are not necessary
determine the diffusion coefficient. Also, the diffusion coe
cient of paramagnetically labeled proteins in healthy and
graded cartilage was measured. The ratioD/D 0 was found to
decline with increasing molecular size, in contrast to an ea
study using a range of smaller molecular sizes (7). These

stimates of macromolecular diffusion coefficients can be
o quantify the time needed for a particular compound to
enetrate the avascular cartilage, such as when one wis

reat cartilage or chondrocytes with a drug. Estimates of
izes from these experiments indicate that simple steric
rance may be insufficient to explain diffusion of large m
ules in cartilage. Also, preliminary evidence indicates tha
elaxivity of these paramagnetically labeled proteins ma
nhanced over their values in solution.
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