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ABSTRACT The use of scanning electrochemical microscopy, a high-resolution chemical imaging technique, to probe the
distribution and mobility of solutes in articular cartilage is described. In this application, a mobile ultramicroelectrode is
positioned close (~1 um) to the cartilage sample surface, which has been equilibrated in a bathing solution containing the
solute of interest. The solute is electrolyzed at a diffusion-limited rate, and the current response measured as the ultrami-
croelectrode is scanned across the sample surface. The topography of the samples was determined using Ru(CN)z ~, a solute
to which the cartilage matrix was impermeable. This revealed a number of pit-like depressions corresponding to the
distribution of chondrocytes, which were also observed by atomic force and light microscopy. Subsequent imaging of the
same area of the cartilage sample for the diffusion-limited reduction of oxygen indicated enhanced, but heterogeneous,
permeability of oxygen across the cartilage surface. In particular, areas of high permeability were observed in the cellular and
pericellular regions. This is the first time that inhomogeneities in the permeability of cartilage toward simple solutes, such as

oxygen, have been observed on a micrometer scale.

INTRODUCTION

Permeability is a key factor governing transport rates in
biological membranes and tissues (Fournier, 1999). Articu-
lar cartilage is a specialized biological tissue for which
permeability and fluid transport have been particularly well-
studied (Maroudas, 1975; Bernich et al., 1976; Allhands et
al., 1984; Mow et al., 1984), due to the possible association
between mass transport characteristics in the tissue and
diseases such as rheumatoid and osteoarthritis (Keuttner et
al., 1992; Muehleman and Arsenis, 1995).

Cartilage is a connective tissue which provides a smooth,
shock-absorbing, cushioning surface at load-bearing diarth-
rodial joints. It is composed of an extracellular matrix
(ECM) containing a gel of negatively charged proteoglycan
molecules, cells (chondrocytes), and interstitial water, em-
bedded in a porous supporting framework of collagen fibers
(Shrive and Frank, 1994). Under normal physiological con-
ditions, the water content constitutes ~70% of the tissue
weight. The chondrocytes, though relatively sparse (<1%
of the cartilage volume), are responsible for synthesizing,
maintaining, and metabolizing the cartilage matrix compo-
nents. Because cartilage is aneural and avascular, intercell
communication and the transport of nutrients and waste
products must be effected by diffusion through the matrix.
Knowledge of the transport of solutes through the cartilage
matrix is therefore crucial in understanding the physiolog-
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ical functioning of the tissue, both in the healthy and dis-
eased states. In particular, it is thought that disturbances in
fluid and solute transport through the cartilage matrix may
contribute to, or result from, biochemical or structural
changes in the tissue during the progression of osteoarthritis
(Urban and Hall, 1992). However, traditional experimental
methodologies have, as yet, been unable to probe mass
transport with adequate spatial resolution to detect such
changes either in vitro or in vivo.

A number of studies have been made on the bulk diffu-
sion of solutes through cartilage (Maroudas, 1970; Bernich
et al., 1976; Roberts et al., 1996; Torzilli et al., 1997, 1998).
However, it is known that cartilage is structurally heteroge-
neous, evident from various microscopy studies (Horky,
1993; Jurvelin et al., 1996). Some workers have addressed
this issue by taking samples (50-200 wm thick) at varying
depths from the articular surface (Bernich et al., 1976;
Torzilli et al., 1997, 1998), but data were still averaged
across the surface of the slice, thereby neglecting any lateral
inhomogeneities in transport rates. More recently, magnetic
resonance imaging has emerged as a useful tool for the
study of biological tissues, and a number of measurements
of solute and water transport in cartilage have been reported
(Burstein et al., 1993; Fischer et al., 1995; Knauss et al.,
1996; Potter et al., 1997). This technique has the advantage
of being non-invasive, with in vivo capabilities, and cur-
rently has the potential to achieve resolution on a scale of
tens of micrometers (Potter et al., 1997). The technique is,
however, limited to the study of paramagnetic species.

Scanning electrochemical microscopy (SECM) is a pow-
erful technique for examining the diffusive, convective, and
migratory transport of solutes. In SECM, an ultramicroelec-
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trode (UME), attached to piezoelectric positioners, is mo-
bile in three dimensions. The UME can be positioned close
to an interface with submicron precision, and can probe the
topography, reactivity, or permeability of that interface with
high spatial resolution (Bard et al., 1991b; Barker et al.,
1999). SECM has been applied to the study of a number of
synthetic membranes and biomaterials including skin (Bath
et al.,, 1998; Scott et al., 1991; 1993a, b; 1995), dentine
(Macpherson et al., 1995a, b; Unwin et al., 1997), and
bilayer lipid membranes (Matsue et al., 1994). SECM has
the advantage over scanning ion conductance microscopy,
which has found some application in the investigation of
membrane transport (Hansma et al., 1989; Korchev et al.,
1997), in that it can selectively detect both neutral and
charged species, rather than measure total ion currents.

In a recent study we used SECM to image osmotically
driven convective transport through laryngeal cartilage
(Macpherson et al., 1997) and were able, for the first time,
to correlate local convective fluxes with sample topography
on a microscopic scale. The study of spatially resolved
localized diffusion, however, has proved more difficult. To
investigate the related transport properties of permeability
and diffusion, we have recently introduced an SECM in-
duced-transfer (SECMIT) approach (Barker et al., 1998). In
SECMIT, a solute is partitioned between two phases at
equilibrium. A UME, positioned in one phase close to the
interface, is biased so as to deplete the local concentration of
solute at the tip. This perturbs the equilibrium, driving the
transfer of solute from the second phase to the tip. Hence,
measurements of diffusion in the second phase can be made
without the need to enter or contact the second phase, which
is particularly advantageous for measurements in biological
tissues where sample integrity is essential. However, this
technique has not, as yet, been used to image variations in
permeability across an interface.

In this paper we describe the use of SECMIT to probe the
diffusive transport of solutes through cartilage in order to
further understanding of the relationship between tissue
structure and local permeability. Particular attention is
given to oxygen, due to its general biological relevance and
specific role in cartilage metabolism (Stockwell, 1983). The
high-resolution capabilities of the technique offer the pos-
sibility of probing transport processes occurring at the level
of a single cell. In future studies this will be particularly
useful for monitoring the metabolic rates of chondrocytes.
To examine viable (living) cartilage, a preliminary study is
made here to investigate transport properties in non-metab-
olizing ECM tissue.

EXPERIMENTAL DETAILS
Materials

Bovine articular cartilage, from the metacarpal phalangeal joints of mature
animals, was obtained fresh from the abattoir and stored at —20°C before
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use. Full-depth plugs of cartilage were removed from thawed joints using
a 5 mm diameter cork borer and cut into 50-um-thick sections parallel to
the articular surface on a microtome (Model 5030, Bright Instruments,
Huntington, UK).

Before SECM experiments, the sections were equilibrated in a 0.2 mol
dm ™3 potassium chloride (analytical reagent, Fisons, UK) solution, phos-
phate-buffered to pH 7.0 = 0.2. SECM approach curves, imaging mea-
surements, and atomic force microscopy (AFM) were carried out with the
cartilage sample bathed in a solution containing 5 X 107> mol dm*
potassium hexacyanoruthenate (II) (K,Ru(CN),) (Alfa, Royston, UK) and
0.2 mol dm ™ potassium chloride, phosphate-buffered to pH 7.0 = 0.2.
Chronoamperometric measurements were made in 0.02 mol dm*
K,Ru(CN), and 0.2 mol dm > potassium chloride, phosphate-buffered to
pH 7.0 = 0.2. Samples were allowed to soak in the bathing solution for at
least 1 h before measurements. Given the thinness of the samples, this was
sufficient time for the system to equilibrate. All solutions were prepared
under ambient conditions, and measurements were made at room temper-
ature (22 = 2°C). Representative cartilage sections were stained for his-
tological analysis using standard protocols (Carleton, 1980): van Gieson’s
stain for collagen, hematoxylin, and eosin for cell nuclei and toluidine blue
for proteoglycans.

Instrumentation

The general SECM set-up has been described previously (Macpherson et
al., 1995a). For tip approach experiments, the UME was a 25-um-diameter
platinum disk electrode, embedded in a glass insulating sheath with the
overall tip diameter 10 times that of the Pt disk, i.e., 250 um. A 5-pum-
diameter platinum disk electrode, embedded in a glass capillary, with an
overall tip diameter of 50 wm, was used for all imaging and chronoampero-
metric measurements. The UME served as the working electrode in a
conventional two-electrode set-up, with a silver wire quasi-reference elec-
trode (AgQRE), against which all potentials are quoted. For chrono-
amperometric measurements, the current-time transients were recorded on
a digital oscilloscope (Model NIC-310, Nicolet Technologies, Milton
Keynes, UK).

The 50-um-thick cartilage sections were fixed on a glass disk (diameter
12.7 mm, thickness 1.6 mm) using a 1:1 volume mixture of nail varnish and
cyanoacrylate glue applied around the circumference of the sample, while
ensuring that the sample remained flat and hydrated during the fixing
procedure. The glass disk was then mounted in the base of an SECM cell
so that the disk was perpendicular to the UME tip axis. Optical micro-
graphs of the samples were taken using an Olympus BH2 microscope
equipped with a 3-CCD color video camera (model KY-F55BE, JVC
Professional, London, UK) coupled to a computerized data acquisition
system (Image Grabber/PCI, Neotech Ltd., London, UK).

AFM images were made in contact mode under solution using a
Nanoscope E atomic force microscope and fluid cell (Digital Instruments,
Santa Barbara, CA). The silicon nitride AFM probe had a nominal spring
constant of 0.06 N m ™.

Procedures
Tip approach measurements

Tip approach curves were acquired by holding the UME, of radius a =
12.5 wm, at a fixed x-y location (Fig. 1 4), and the current response for the
diffusion-limited electrolysis of the solute measured as the UME was
translated in the z-direction from a position in bulk solution to one close to
the interface. The tip potential was held at a value where electrolysis of the
solute was diffusion-limited, identified by recording a steady-state volta-
mmogram. This was 1.2 V for Ru(CN)z~ oxidation and —0.5 V for O,
reduction. The UME was then scanned toward the interface at a velocity of
1 um s~ ', and the limiting current response, i (normalized with respect to

Biophysical Journal 78(3) 1578-1588



1580

A ¥
x andy
* fixed
(g

i

cartilage sample

z position

fixed
UME

cartilage sample

FIGURE 1 Schematics depicting the different modes of SECM opera-
tion for (4) tip approach measurements and (B) imaging experiments (not
to scale).

the steady-state current with the tip positioned at an effectively infinite
distance from the sample interface, i()), recorded as a function of tip-
sample separation, d. By analyzing the i/i()-d curves, the transport prop-
erties of the solutes of interest in cartilage were analyzed using a theory
outlined in full elsewhere (Barker et al., 1998).

SECM imaging

SECM images were obtained by holding the UME tip (¢ = 2.5 um) at a
constant z position and scanning in the x-y plane over an area of interest
(Fig. 1 B). For a solute to which the cartilage was impermeable, changes in
the diffusion-limited current response were due to variations in the sample-
tip separation, from which topographical information on the sample surface
could be obtained (Mirkin et al., 1992). When the same sample area was
subsequently scanned, using a solute toward which cartilage was perme-
able, the current response provided a permeability map of the area.

For Ru(CN)#~ oxidation the tip was held at a potential of 1.2 V. After
recording the steady-state current, i(>), with the tip positioned far from the
surface, the height of the UME tip above the cartilage sample was adjusted
until #/i(e) attained a value of 0.25. Based on the data herein, this corre-
sponded to a sample-tip separation of ~1 wm. The UME was then scanned
over a 100 um X 100 wm area at 5 wm s~ ' in unidirectional lines with a
separation of 5 wm between line scans, and the tip current recorded as a
function of lateral tip position. At the end of the scan, the UME was
retracted 200 wm from the cartilage surface and the bulk solution limiting
current verified.

For oxygen permeability scans the UME was moved to the same initial
position as for the Ru(CN);~ oxidation scans, and repolarized to —0.5 V
for diffusion-limited oxygen reduction. The UME was scanned over the
same 100 um X 100 wm area at the same scan rate.
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Chronoamperometry

For chronoamperometry, the UME was positioned over an area of interest
(identified from SECM imaging), close to the tissue/bathing solution
interface, and the current recorded as a function of time after jumping the
potential from a value where no current flowed to one where solute
electrolysis was diffusion-limited. All chronoamperometric measurements
were made at a 5 um diameter Pt UME with Ru(CN), "~ as the solute.

RESULTS AND DISCUSSION

The results presented herein are for a single cartilage sam-
ple, but are typical of >20 samples studied.

Structural and chemical characterization of the
cartilage surfaces

Cartilage is known to be structurally and chemically heter-
ogeneous on a local (submicron) scale (Shrive and Frank,
1994). Fig. 2 shows a light micrograph of an area of carti-
lage comparable to that scanned by the SECM. A number of
pit-like features can be clearly observed, with diameters
ranging from 15 wm to 25 um. An AFM image of a
neighboring field, recorded under solution, is shown in Fig.
3. Again, a number of recessed regions are clearly visible,
with diameters of ~20 wm and depths of 2-3 um. These
recesses correspond to cells or, more usually, groups of two
or more cells. Although the pericellular matrix may have
been distorted during the freezing/thawing process, the nu-
cleus is still intact in the majority of cells. In the interter-
ritorial matrix, surface irregularities are of the order of a
micron in depth.

The rate of water and solute transport through the carti-
lage matrix is expected to be greatly influenced by the local
biochemical composition, based on observations for other
tissues (Weinberg et al., 1997). Micrographs of histologi-
cally stained cartilage sections are shown in Fig. 4. On this
scale, the nuclei and cell boundaries are clearly visible.

FIGURE 2 Light micrograph of a cartilage section.
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FIGURE 3 Atomic force microscopy image of a cartilage section, re-
corded under solution (5 X 10~* mol dm > K,Ru(CN), and 0.2 mol dm—*
KCl, phosphate-buffered to pH 7 % 0.2).

Collagen staining is light in the cellular and pericellular
regions, and most intense in the interterritorial region, some
distance from the cells. In the case of proteoglycan, the
staining is lightest in the area surrounding the nucleus and
more intense in the pericellular and interterritorial regions.
This pattern of staining is similar to that observed in pre-
vious studies (Hunziker et al., 1997).

Tip approach measurements

In order to determine the surface topography of the cartilage
sample under SECM conditions, a solute was required that
did not permeate the matrix. An initial estimate of the
permeability of solutes in the cartilage matrix was obtained
by analyzing the i/i(*) response of the UME tip as it
approached the interface. By using a relatively large UME,
the tip response is averaged over a sizeable area and ap-
proaches that representative of the “bulk” behavior of the
cartilage. As the topographical features on the cartilage
surface are on the order of a few microns in depth, the
surface may be considered as approximately planar (for the
approach by a large UME).

Ru(CN)%~ oxidation

Ru(CN)¢ ™ is a large, highly charged anion, and so would
not be expected to significantly permeate the matrix, as
cartilage is negatively charged at physiological pH (Marou-
das, 1975). Typical approach curves for Ru(CN)¢~ oxida-
tion at a 25 wm diameter UME approaching both a flat glass
disk and cartilage tissue are shown in Fig. 5. The experi-
mental responses are seen to be in excellent agreement with
the theoretical prediction for an impermeable planar sub-
strate (Kwak and Bard, 1989) in both cases. The tip is able
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FIGURE 4 Light micrographs of histologically stained cartilage sec-
tions: (a) hematoxylin and eosin for cell nuclei, (b) toluidine blue for
proteoglycans, and (c) van Gieson’s stain for collagen.

to attain a slightly closer distance to the glass surface than
the cartilage surface due to the irregularities in the topog-
raphy of the latter structure. Nevertheless, the tip is able to
approach the cartilage surface to within a micron, and the
data clearly demonstrate that Ru(CN)¢~ shows negligible
induced-diffusion through the cartilage, making it a suitable
solute for topographical measurements.

Biophysical Journal 78(3) 1578-1588
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FIGURE 5 Approach curves of normalized current versus sample-tip
separation for the diffusion-controlled oxidation of Ru(CN)¢~ at a 25 wm
diameter Pt UME approaching cartilage ((J) and a flat glass surface (@).
The dashed line represents the theoretical response for approach to an
impermeable substrate (Kwak and Bard, 1989).

Oxygen reduction

Oxygen is a small, neutral molecule that permeates tissues
and membranes (Bicher and Bruley, 1973). Fig. 6 is a
typical voltammogram for the reduction of oxygen at a
25-pum-diameter tip, clearly showing that the electrolysis
process is diffusion-limited at a potential of —0.5 V, used
for the approach curve measurements shown in Fig. 7. The
experimental response in Fig. 7 for the cartilage surface
does not fit the theory for approach to an impermeable
substrate, found when the same experiment is carried out at
a flat glass surface, the data for which are also shown in Fig.
7. Rather, the current is significantly higher than the theo-
retical response at all values of d. There is still a significant

i/ nA

-0.6 -0.4 -0.2 0.0 0.2
E/IV

FIGURE 6 Linear sweep voltammogram for the reduction of oxygen at
a 25-um-diameter Pt UME in a solution containing 5 X 10~ mol dm~*
(K,Ru(CN)y) and 0.2 mol dm ~* potassium chloride, phosphate-buffered to
pH 7.0 + 0.2, recorded at a scan rate of 20 mV s .
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FIGURE 7 Approach curve of normalized current versus sample-tip
separation for the diffusion-controlled reduction of oxygen at a 25-um-
diameter Pt UME approaching cartilage ((J) and a flat glass surface (@).
The short-dashed line represents the theoretical response for approach to an
impermeable substrate (Kwak and Bard, 1989). The long-dashed lines
represent the theoretical response for induced diffusion for different values
of K.y (Barker et al., 1998): 0.6 (fop line) and 0.5 (bottom line).

current (i/i(%) ~ 0.5) at the point where the UME contacts
the cartilage surface. We therefore deduce that the UME
promotes diffusion of O, through the cartilage matrix to the
tip: local depletion of O, in the tip-substrate gap induces
transfer from the sample to solution to restore equilibrium.
Hence, the approach curves demonstrates that oxygen
shows appreciable permeability in cartilage.

The relative permeability of a solute in cartilage, com-
pared to the bathing solution, may be expressed as the
product, K.y (Maroudas, 1975), where K, is the partition
coefficient of the solute in the cartilage (ratio of the con-
centration in the cartilage to that in the contacting solution)
and vy is the ratio of the solute diffusion coefficient in
cartilage to that in solution. Theoretical simulations (Barker
et al., 1998) of i/i(«) vs. d at different K.y values indicate
that a value of K_y between 0.5 and 0.6 best describes the
experimental data, as indicated by the dashed lines in Fig. 7.
This is similar to the value of K_y measured previously for
oxygen in laryngeal cartilage (Macpherson et al., 1997).

SECM imaging
Sample topography

For the reasons outlined above, Ru(CN);~ was used to
image the cartilage topography. A typical contour plot of
normalized current as a function of lateral probe position for
Ru(CN)¢~ oxidation is shown in Fig. 8. The dark areas
indicate higher i/i(%) values. Clearly, the i/i(>) response is
heterogeneous over the scanned area. There are well-de-
fined circular regions of enhanced current. Under steady-
state conditions the sample-tip separation, d, can be evalu-
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FIGURE 8 Contour plot showing the normalized current map for a
100 X 100 wm area of cartilage, imaged using the diffusion-controlled
oxidation of Ru(CN)# ™ at a 5-um-diameter Pt UME at an initial sample-tip
separation of ~2 um.

ated from the following relationship between i/i(>) and d
(Mirkin et al., 1992):

i(e0) dla dla

Although this equation strictly applies to a planar interface,
it provides useful semi-quantitative information on sample
topography (Bard et al., 1994). For the electrode used in this
study the residence time in the vicinity of a spot on the
sample is 1 s (where t,., = 2a/vy,, and vy, is the tip
scan speed). This is more than sufficient time for steady-
state conditions to be established (Bard et al., 1991a).

Fig. 9 shows the topography image derived, using Eq. 1,
from the normalized current data in Fig. 8. It can be seen
that the circular regions of current in Fig. 8§ correspond to
pits in the cartilage surface of diameter 15 to 25 wm and
depths between 2 and 3 um. These dimensions are in
excellent agreement with the topographical features ob-
served by optical microscopy and AFM (Figs. 2 and 3),
demonstrating that for this particular surface, hindered dif-
fusion imaging provides a good means of determining sam-
ple topography.

For the permeability studies that follow, it was essential
that the Ru(CN)¢~ data gave a true representation of the
sample topography. As an additional check on the imper-
meability of cartilage to Ru(CN)¢ ~, and as a complement to
the approach curve measurements made with the large elec-
trode, high-resolution chronoamperometric measurements
were made at defined positions close to the interface. In
particular, we were interested in further demonstrating that
the electrochemical imaging method provided an accurate
picture of the topography of the recessed regions. Chrono-

i 1.515 2403\
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FIGURE 9 Contour plot showing the corresponding topography map,
calculated from Eq. 1, for the area of cartilage imaged in Fig. 8.

amperometry has been shown to be particularly sensitive to
the partition coefficient and relative diffusion coefficients of
solutes in two-phase systems (Barker et al., 1998). For these
studies, an area of cartilage was initially imaged with
Ru(CN)¢™ to identify a single pit, followed by chrono-
amperometric measurements at a fixed point in the recess.
Fig. 10 shows typical results, made at d = 0.6 um, pre-
sented as i/i() vs. t (4) and ¢~ /> (B) so as to emphasize the
long and short time behavior, respectively, for Ru(CN)g ™
oxidation close to the cartilage surface. Also shown is the
theoretical response at an impermeable substrate for a
log(d/a) value of —0.6. The observation of close agreement
between theory and experiment over a wide time scale
further confirms that, under the conditions of our SECM
experiments, Ru(CN)¢ ~ can be considered as having negli-
gible permeability in the cartilage matrix.

Oxygen permeability

Fig. 11 shows a diffusion-limited current map for oxygen
reduction recorded with the tip in the same z position and
over the same area considered for Figs. 8 and 9. Similar
circular regions of enhanced current can be seen, as were
found in Fig. 8. However, the overall i/i(%) values are
higher than those observed for the Ru(CN)¢~ oxidation
image (Fig. 8), which can be attributed to the induced
diffusion of oxygen through the cartilage matrix. Using a
computer simulation (Barker et al., 1998), the effect of
permeability, defined as K.y, on i/i(*) was evaluated as a
function of sample-tip separation, from which the relation-
ship between i/i(*), d, and K,y was derived. In this way, the
normalized current data for O, reduction was processed to
take account of the varying tip-substrate separation (Fig. 9),
yielding a map of oxygen permeability in the cartilage

Biophysical Journal 78(3) 1578-1588
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FIGURE 10 Plots of i/i() vs. (4) t and (B) ¢~ for the diffusion-
controlled oxidation of Ru(CN)¢ ™~ at a 5-um-diameter Pt UME recorded at
d = 0.6 um from the cartilage surface ([]). The theoretical response for an
impermeable substrate with the tip at a log(d/a) of —0.6 is also shown
(—.

sample. A permeability plot for the i/i() data in Fig. 11 is
shown in Fig. 12. It is evident that the permeability is not
uniform. Significant variations are observed: the value of
K.y ranges from ~0.4 over most of the interterritorial
matrix to 0.7 over the recesses in the cartilage surface,
corresponding to the cells. Considering the data in Fig. 12
together with the histochemical composition of cartilage
(Fig. 4), it is evident that there is high oxygen permeability
in the cellular and pericellular regions. The intensity of
toluidine blue staining, seen in Fig. 4 b, indicates a higher
fixed charge density in the pericellular matrix. Whether this
arises from differences in the type, organization, or acces-
sibility of the proteoglycans is unclear. However, the higher
staining intensity does not correspond to an increase in
oxygen permeability, favoring the latter possibility. Evi-
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FIGURE 11 Contour plot showing the normalized current map for the
diffusion-controlled reduction of oxygen at a 5-um-diameter Pt UME, in
the area of cartilage considered in Fig. 8.

dence from various sources indicates that glycosaminogly-
cans have only a small effect on the diffusivity of small
solutes (Gribbon et al., 1998). There is a strong relationship,
however, between permeability and the intensity of collagen
staining by van Gieson’s stain (Fig. 4 ¢), with the lowest
permeability observed in regions of intense staining. Al-
though factors such as collagen type and fiber organization,
as well as collagen content, influence the staining intensity,
it is probable that collagen content affects the diffusivity
and/or distribution of the analytes, both of which contribute
to the measured permeability. This is the first time that
lateral heterogeneities of solute permeability in cartilage
have been observed on a micrometer scale.

The analysis of the oxygen permeability data assumes a
planar interface. In order to ascertain that the large enhance-
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FIGURE 12 Oxygen permeability (K.y) map calculated from the nor-
malized currents in Fig. 11.
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ments in oxygen reduction currents observed over the re-
cessed regions were not simply due to the non-planar ge-
ometry of the interface in these locations, a new SECM
model was developed to predict the steady-state response
with a UME close to and directly over a symmetrical recess.
The simulations and theoretical results, summarized in the
Appendix, showed that for the K,y values of interest, a
planar substrate model suffices to a good approximation for
the situation where the tip is directly above a depression in
the surface. While there may be higher-order effects from
the heterogeneous nature of the substrate topography, the
results in Fig. 12 represent a good description of the variation
in oxygen permeability in the surface region of cartilage.

CONCLUSIONS

This study has shown SECMIT to be a powerful tool for
probing diffusion processes in cartilage tissue, specifically
allowing oxygen diffusion through the cartilage matrix to be
correlated with tissue morphology. Enhanced oxygen diffu-
sion has been detected in areas that are low in collagen
content. This is the first time that lateral inhomogeneities in
tissue permeability have been observed on a micrometer-
length scale.

Following this preliminary study on non-metabolizing
cartilage tissue, we should now be able to examine meta-
bolic processes occurring in viable cartilage tissue. As pre-
viously demonstrated (Macpherson et al., 1997), SECM
measurements of transport can be made in cartilage both in
the presence and absence of an applied pressure. Hence,
measurements should be possible under conditions similar
to those of in vivo loaded cartilage, which is particularly
important for the metabolic studies. We also plan to exam-
ine transport processes in both healthy and diseased carti-
lage. Finally, it should be noted that the measurement of
spatially resolved diffusion processes using the SECM
protocol described in this paper has considerable poten-
tial application to a wide range of biological tissues and
membranes.

APPENDIX

Effect of substrate geometry on the SECM tip
current response

The SECM induced-transfer (SECMIT) technique can be used to probe the
permeability of a target solute in a sample not in direct contact with the
UME. Details of the numerical model developed for this approach with a
planar surface have been given previously (Barker et al., 1998). The
following brief account outlines the formulation of a numerical model
applicable to substrates with more complex geometry; in particular, for
surfaces that contain pit-like depressions, which more closely resemble the
biological samples studied in this paper.

The principle of the SECMIT methodology and the coordinate system
used to define the new model are illustrated in Fig. 13. The UME is
positioned in the aqueous phase (phase 1) close to the surface of the
substrate (phase 2), directly above a circularly symmetric pit in the surface,
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b
e
r
Phase 1
d
Interface

FIGURE 13 The coordinate system used to define the model outlined in
the Appendix. The coordinates » and z are in the directions radial and
normal to the electrode surface, respectively. The electrode radius is
denoted by a, 7, is the distance from the center of the electrode to the
outermost edge of the insulating glass sheath surrounding the electrode, 7,
is the radius of the circularly symmetric pit in the surface of the substrate
(phase 2), d is the distance from the surface of the electrode to the bottom
of the pit, and d,, is the height of the pit. Phase 2 is considered to extend
a semi-infinite distance in the z-direction. Species A is the common
electroactive mediator in the two phases, while B denotes the product of the
electrode reaction.

such that the combined tip/substrate geometry is axisymmetric. The two
phases contain a common electroactive species, A. The interface between
the two phases is assumed to be sharply defined and the transfer of species
A across the interface is not kinetically limited. Initially, with the parti-
tioning of A across the interface in dynamic equilibrium, there is zero net
flux of species A across the interface and each phase has a uniform bulk
concentration of A, ¢}; where i = 1 or 2 denotes the phase. A potential step
is subsequently applied to the UME sufficient to electrolyze species A at a
diffusion-controlled rate. This perturbs the interfacial equilibrium, induc-
ing transfer of species A across the interface from phase 2 to phase 1. The
flux of species A to the UME, and hence the tip-current response, are
dependent on the rate of mass transfer of the species in each phase.

Formulation of the problem

Time-dependent diffusion equations, appropriate to the axisymmetric
SECM geometry, can be written for the species A in each phase.

ac; c; lac, 9%
at—Diarﬁraﬁazz]
i=1 for 0=sr=r,; 0<z<d-—d,
% O=sr=r; d—d,<z<d (Al)
i=2 for rn,<r=ry; d—d,<z<d
O=r=r,; z>d

where r and z are the coordinates in the directions radial and normal to the
electrode surface, respectively, measured from the center of the electrode;
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¢; and D; are the concentration and diffusion coefficient of the electroactive
species, A, in phase #; and ¢ is time. As shown in Fig. 13, r, denotes the
radius of the probe (electrode plus insulating sheath), r,, is the radius of the
pit, d represents the separation between the end of the probe and the bottom
of the pit, and d,, is the depth of the pit. The calculation of the tip current
response involves solving the diffusion equation A1, subject to the bound-
ary and initial conditions of the system. Before the potential step, the initial
condition is

t=0:
i=1 for O0=sr=r,; 0<z<d-—d,
« O=sr=r; d—d,<z<d,
¢ = Cj .
P i=2 for r,<r=r,; d—d,<z<d
O=r=r,; z>d
(A2)

Following the potential step, A is electrolyzed at a diffusion-controlled rate
at the electrode, but is inert with respect to the insulating glass sheath
surrounding the electrode, and remains at bulk concentration values beyond
the radial edge of the tip. The exterior boundary conditions may be
summarized as follows:

z=0, 0=r=a ;=0 (A3)
dc,
z=0, a<r=r,: DIEZO (A4)
B i=1 for 0<z<d-—d,;
rete 6T\ =2 for z>d—d,
(AS5)

This latter condition is valid provided that RG = r,/a = 10, where a is the
radius of the electrode (Kwak and Bard, 1989).

The axisymmetric SECM geometry implies there is no radial flux of
species A at the cylindrical axis of symmetry:

. 0<z<d,
V_O, Z>d

Do = i=2 for

ac; 0 <i=1 for
Y or

) (A6)

At a semi-infinite distance from the electrode, in phase 2, the electroactive
species attains its bulk concentration, c.
z — o, O=r=r,:

(A7)

c,=c*

The final internal boundary conditions apply to the surface of the substrate:

Coint = KeClint (A8)
acl,int aCz,im
D““‘(az> = Dz,int(az (A9)
for
z=d—d, 1,<r<ry z=d, r<r,;
d—d,<z<d, r=r,

where c; ;,,, is the concentration of A at the interface in phase i and K, =
A 3k
cs/ct.

To formulate a general solution, the diffusion equations and boundary

conditions were cast into dimensionless form through the introduction of
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the following normalized terms:

_ D A10
T P ( )
R= i All
=4 (A11)
Z= : Al2
=- (A12)
_ D Al3
Y= D1 ( )
Ci .
C = e where i denotes either 1 or 2. (A14)

The aim of the calculation was to determine the tip current response as
a function of time and tip/interface separation for particular K.y values.
The UME current is related to the flux of ¢, at the electrode surface,

7 (A15)

1

LR £

i = 2mnaD,c] (
0

) R dR
Z=0
where 7 is the number of electrons transferred per redox event and F is
Faraday’s constant.

The normalized current ratio is given by:

e
=3 ( (A16)

- R dR
(%),

where (%) is the steady-state diffusion-limited current at an inlaid disk
electrode positioned at an effectively infinite distance from the interface

rpla

FIGURE 14 Simulated normalized steady-state current as a function of
normalized pit radius (r,,/a) for y = 0.5, K. = 1, and a distance d/a = 0.8.
Normalized pit depths, d,/a, take the values (a) 0.2, (b) 0.4, (c) 0.6. The
dashed line represents the steady-state current predicted for a UME at a
distance d/a = 0.8 above a planar surface.
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(Saito, 1968),

i(®) = 4nFaD,c* (A17)
The problem was solved numerically using the alternating direction im-
plicit finite-difference method (ADIFDM). General details on the applica-
tion of this method to solve a variety of SECM problems have been given
previously (see, for example, Barker et al., 1998). The modifications
required to treat the present problem are straightforward and will not be
discussed further. The ADIFDM method evaluates the current-time re-
sponse of the UME; however, for the present problem only the steady-state
current, derived from the chronoamperometric data in the long time limit,
was of interest.

Simulations were performed for parameter values appropriate to the
experimental system under study, using y = 0.5 and K, = 1 and a UME
characterized by RG = 10. The plot in Fig. 14 shows the steady-state
current as a function of normalized pit radius (r,,/a) for a fixed value of
d/a = 0.8 (which for a UME with a radius of 2.5 uwm corresponds to d =
2 um) for three different pit wall depths. For a large pit radius, i.e., r,,/a —
10, the steady-state current for all pit depths approaches that predicted for
a planar substrate at a distance of d/a = 0.8 from the electrode, plotted as
the dashed line in Fig. 14. As the radius of the pit is decreased the
steady-state current decreases below this limit. The effect is particularly
pronounced as the pit depth, d,, is increased. For the recesses observed in
the cartilage surface in this study, 7,/a can approach 5, and it is clear that
under these conditions the assumption of a planar interface in deriving
permeability data is a good approximation for the typical tip-substrate
separations employed.
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