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Background: Currently available methods for contrast agent-based magnetic resonance imaging (MRI) and
computed tomography (CT) of articular cartilage can only detect cartilage degradation after biochemical
changes have occurred within the tissue volume. Differential adsorption of solutes to damaged and intact
surfaces of cartilage may be used as a potential mechanism for detection of injuries before biochemical changes
in the tissue volume occur.

Methods: Adsorption of four fluorescent macromolecules to surfaces of injured and sliced cartilage explants was
studied. Solutes included native dextran, dextrans modified with aldehyde groups or a chondroitin sulfate (CS)-
binding peptide and the peptide alone.
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Dextrans Results: Adsorption of solutes to fissures was significantly less than to intact surfaces of injured and sliced
FITC explants. Moreover, solute adsorption at intact surfaces of injured and sliced explants was less reversible than
Injury at surfaces of uninjured explants. Modification of dextrans with aldehyde or the peptide enhanced adsorption

Solute adsorption with the same level of differential adsorption to cracked and intact surfaces. However, aldehyde-dextran exhibited

irreversible adsorption. Equilibration of explants in solutes did not decrease the viability of chondrocytes.

Conclusions and general significance: Studied solutes showed promising potential for detection of surface injuries
based on differential interactions with cracked and intact surfaces. Additionally, altered adsorption properties at
surfaces of damaged cartilage which visually look healthy can be used to detect micro-damage or biochemical
changes in these regions. Studied solutes can be used in in vivo fluorescence imaging methods or conjugated

with MRI or CT contrast agents to develop functional imaging agents.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Articular cartilage is a specialized tissue which covers the sliding
surfaces of articulating bones to provide a weight-bearing, smooth
surface with low friction [1]. This tissue is highly resistant to compression
and shear stresses [2]. However, cartilage exhibits limited self-repair
capability due to its avascular nature, low cell density and limited
chondrocyte proliferation [2,3]. In primary osteoarthritis, biochemical
changes within the cartilage volume can occur over time without any
prior condition or external event (like tissue injury) [4], eventually
leading to structural changes such as surface fibrillation and fissures.
On the other hand, surface damage to articular cartilage can lead to
gradual biochemical changes over cartilage volume which ultimately
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lead to tissue breakdown, more severe cracks, and development of
secondary osteoarthritis [5,6]. Development of sensitive and noninvasive
imaging tools is therefore essential to detect cartilage injuries and
surface irregularities immediately after the insult.

Conventional magnetic resonance imaging (MRI) and X-ray com-
puted tomography (CT) [7-9] only provide anatomical information;
hence, signs of cartilage degeneration can be detected when tissue
has gone through severe structural and compositional changes [10].
As glycosaminoglycan (GAG) loss is an early hallmark of cartilage
degradation [11], contrast enhanced imaging methods like delayed
Gadolinium-Enhanced MRI of Cartilage (dGEMRIC) [12] and Contrast
Enhanced Computed Tomography (CECT) [13] have been developed
to detect cartilage degradation based on alterations in GAG content. In
these methods, distribution of anionic [12] or cationic [14] contrast
agents are assumed to represent the spatial distribution of negatively
charged GAGs within the matrix. The limitation of these techniques is
that they are able to detect cartilage degradation only after a significant
change in GAG content. Recently, alterations in diffusion rates of con-
trast agents in cartilage have been suggested for assessment of cartilage
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integrity [15,16]. However, it was shown that solute diffusion is affected
only in injured explants with biochemical or structural changes in tissue
volume, but solute diffusion was not altered in sliced explants [17].
There is therefore a need for developing new imaging approaches
which are able to detect cartilage surface injuries and irregularities
well before structural or biochemical changes in the whole tissue
volume occur.

We have recently reported that a wide range of fluorescent solutes
adsorb onto surfaces of cartilage explants [18] and also that small
fluorophores adsorb less significantly at surfaces of fissures compared
to adjacent intact surfaces of mechanically injured explants [19]. These
findings encourage the conjugation of CT, MRI or fluorescence agents
to carrier molecules with differential adsorption onto damaged and
intact surfaces of cartilage as a potential approach for development of
new functional imaging agents based on solute-surface interactions
(as opposed to solute interactions with extracellular matrix components
within the cartilage volume in currently available contrast agent-
based cartilage imaging methods) for early detection of surface injuries
and abnormalities. It is also possible to enhance the contrast agent
performance or make it more selective by chemical functionalization
of the carrier molecule.

In the present study we therefore aimed to extend previous findings
on adsorption of small fluorophores at surfaces of injured cartilage [19]
to examine differential adsorption of fluorescently labeled native
and modified dextrans to cracked and intact surfaces of mechanically
injured cartilage. Dextrans are excellent choices for carrier molecules
because they are natural, biodegradable and pharmacologically inert
and have been widely used in other medical applications [20-27]. In
addition, dextrans are available commercially in different molecular
weights and have numerous hydroxyl groups that can be easily used
for chemical modification or conjugation to imaging agents [22,23].
A relatively big dextran (70 kDa) was used in this study to examine
carrier molecules which have limited penetration into the cartilage
and interact mostly with its surfaces. It should be noted that limited
contrast agent penetration into cartilage matrix can be beneficial in
this application (imaging using surface interactions) since this reduces
the interfering signals from within the cartilage volume, resulting in
more sensitive detection of surface abnormalities. Dextran was modified
by introducing either aldehyde groups or a chondroitin sulfate (CS)-
binding peptide to its structure to study if the performance of dextran
as a carrier molecule will be improved. It has been shown that aldehyde
modification enhances molecular binding to cartilage surfaces [28]. On
the other hand, chondroitin sulfate is the main GAG in cartilage matrix
[29]. The CS-binding peptide alone was also studied. Findings from this
study provide insights for potential novel carrier molecule designs for
new contrast agents.

2. Methods
2.1. Solutes

Solutes included 70 kDa dextran (Dex), aldehyde-dextran (Dex-
CHO) and a chondroitin sulfate (CS)-binding peptide (peptide). Additio-
nally, dextran conjugated with the CS-binding peptide (Dex-peptide)
was also included in some experiments. All solutes were labeled
with fluorescein isothiocyanate (FITC). FITC was selected as fluorescent
label because it has been shown that compared to positively charged
fluorophores (tetramethylrhodamine isothiocyanate (TRITC) and
carboxytetramethylrhodamine (TAMRA)), negatively charged FITC
affects the adsorption of solutes onto cartilage surfaces less significantly
[18]. In addition, our previous study [19] showed that TRITC and TAMRA
do not exhibit superior sensitivity in distinguishing cracked from intact
surfaces compared to FITC. 70 kDa dextran already conjugated with
FITC was obtained from Sigma. It was used directly or oxidized by
sodium periodate (Sigma) with sodium periodate/glucose unit molar
ratio of 1 to obtain FITC conjugated Dex-CHO [30]. A CS-binding peptide

(sequence: YKTNFRRYYRF, MW: 2115) conjugated to FITC was obtained
from CanPeptide Inc. The amino acid sequence of the peptide was based
on a previous study [31]. The same peptide without FITC label (MW:
1613) was obtained from CanPeptide Inc. and was conjugated to FITC
labeled Dex-CHO by established protocols [20,32] at peptide/aldehyde
molar ratio of 0.09.

2.2. Solute characterization

Absorbance spectra of Dex (0.22 mg/ml) and Dex-CHO (0.16 mg/ml)
were obtained using a UV-visible spectrophotometer (Evolution 300,
Thermo Scientific) to confirm the aldehyde modification of dextran.
The degree of aldehyde modification was determined by hydroxylamine
titration assay [33]. Raman spectra of Dex (0.03mg/ml) and Dex-peptide
(0.04 mg/ml) were obtained using a DXR Raman microscope (Thermo
Scientific) with 532 nm excitation laser to confirm the presence of
peptide in the structure of Dex-peptide.

2.3. Cartilage explants

Visually healthy osteochondral cores, 5mm in diameter, were drilled
from the distal femur of skeletally mature adult bovine knees and
their cartilage was trimmed to the 3mm diameter (Fig. 1A). Trimmed
samples were then randomly assigned into three groups (injured,
uninjured controls, and sliced positive controls) and incubated in
chondrocyte culture medium (high-glucose DMEM; 0.1 mM nonessential
amino acids; 10 mM HEPES; 10% fetal bovine serum; and 1% penicillin-
streptomycin—-amphotericin) (Life Technologies) for 1-2 days until ex-
perimental use. All the experiments were performed in a 37 °C, 5% CO,
environment.

2.4. Mechanical injury and positive control slicing

Osteochondral cores were injured by single radially unconfined axial
compression at 0.7 s~ ! strain rate and 14 MPa peak stress as described
previously [34]. For comparison, positive sliced controls were created
by slicing the articular surface of uninjured explants to a depth of
approximately 200 um along the diameter using a vibratome (VT1200,
Leica Microsystems). Injured and sliced explants were used in experi-
ments within 2 h of injury or slicing.

2.5. Equilibration and desorption baths

Solute adsorption to cartilage surfaces was examined after equil-
ibration with the solute or after equilibration and subsequent desorption
processes. Uninjured (control), injured or sliced osteochondral explants
were equilibrated with culture medium containing Dex (0.28 mg/ml),
Dex-CHO (0.28 mg/ml), Dex-peptide (0.18 mg/ml) or peptide
(0.0085 mg/ml) for 20-22 h. For desorption experiments, explants
were then removed from equilibration baths, rinsed with blank
culture medium and transferred to blank culture medium baths for
another 20-22 h. Osteochondral cores from at least three different
joints were mixed and 6 explants were used randomly for each solute
of each group (uninjured, injured or sliced) for adsorption or desorption
experiments. In the case of Dex-peptide, only solute adsorption to
surfaces of uninjured (n = 4) and injured explants (n = 6) after equili-
bration process was examined.

2.6. Long-term desorption

To examine the reversibility of adsorption and bulk uptake
(absorption) of solutes, an independent experiment was performed
in which uninjured explants were equilibrated with culture medium
containing Dex-CHO (0.28 mg/ml), Dex-peptide (0.18 mg/ml) or
peptide (0.0085 mg/ml) for 24 h. Explants were removed from
equilibration baths for fluorescence microscopy or they were transferred
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Fig. 1. Osteochondral cores (A) were incubated in equilibration and desorption baths. 200 um thick sections were then cut through the cartilage depth (B) and mounted on a microscope
slide (C) for fluorescence microscopy of articular surface in direct contact with the bath (Edge 1) and the control edge not exposed to any bath (Edge 2). (D) A representative light
microscope image of a 200 um thick section of injured cartilage. (E) Fluorescence microscope image of cartilage section shown in (D) equilibrated with aldehyde-dextran. Fluorescence
images were analyzed by taking the mean of five line-scans on intact and cracked regions (E) and calculating the average fluorescence intensity in the first 50 um of the resulting intensity

vs. distance curves (F). Scale bar is 200 pm.

to blank culture medium baths for 2 or 5 days of desorption. During
desorption period, explants were rinsed with blank culture medium
and were transferred to new blank culture medium baths every 24 h.
Osteochondral cores from four different joints were mixed and 3 explants
were used randomly for each solute of each group (adsorption, 2 days
desorption or 5 days desorption).

2.7. Fluorescence microscopy

Osteochondral explants were removed from equilibration or de-
sorption baths and 200pm thick sections (three sections per explant)
were cut perpendicular to the articular surface using a vibratome
(Fig. 1B). Sections were separated from the bone using a scalpel
and placed on a microscope slide with the articular surface oriented
towards the left (Fig. 1C-D). Solute adsorption to cracked and intact
surfaces was studied on the articular surface, while the cut surface
(resulting from cutting by scalpel) which was not in contact with
the bath solutions acted as control (Fig. 1C-D). Fluorescence intensity
images were acquired using an inverted fluorescence microscope (IX81,
Olympus). Sections obtained from osteochondral explants incubated
in blank culture medium were also imaged as control. To quantify
the images, line-scans (which provided fluorescence intensity along
straight lines) were taken at various points along the surface from the
edge of the articular surface into the tissue (Fig. 1E). Five line-scans
were taken per image on both intact and cracked surfaces. Back-
ground intensity was subtracted and intensity curves were averaged
to give a good representation of the entire surface (Fig. 1F). The mean
of all three sections from individual explants was then obtained as
the overall intensity curves for each explant (represented n = 1).
For each explant, average fluorescence intensity at the first 50 pm
of the curves was determined to quantify fluorescence intensities
close to the articular or cracked surfaces. Average bulk fluorescence
intensity of explants was also determined using the averaged
intensity curves of individual explants to compare the uptake of
different solutes into the cartilage volume. Since the amount of
fluorescent labels on molecules can be different from one solute to

another, absolute fluorescence intensities cannot be compared
directly between solutes; measured fluorescence intensities for
different solutes must first be scaled. To do this, fluorescence intensity
of equilibration bath solutions were measured in all experiments.
Fluorescence intensity measurements in the experiments with Dex-
CHO, Dex-peptide, and peptide were then scaled such that the intensity
of corresponding equilibration bath in each experiment becomes equal
to the intensity of Dex equilibration bath.

2.8. Quantification of cell viability

Uninjured osteochondral explants were incubated in blank culture
medium (control) or culture medium containing Dex (0.28 mg/ml),
Dex-CHO (0.28 mg/ml), Dex-peptide (0.18 mg/ml) or peptide
(0.0085 mg/ml) for 20-22 h. Explants were then transferred to blank
culture medium for 20-22 h desorption. Explants were removed from
baths, their cartilage was removed from the bone and embedded in
3.5% agar (Sigma) in PBS. 100 um thick sections were then cut
perpendicular to the articular surface using a vibratome. LIVE/DEAD
assay (Life Technologies) was used to quantify live and dead chondro-
cytes. Cartilage sections were visualized on an Olympus [X81 inverted
fluorescence microscope. For each solute, three sections from three
different joints were assayed.

2.9. Histological analysis

Uninjured, injured and sliced osteochondral explants were incu-
bated in blank culture medium for 20-22 h. They were then removed
from the baths, cartilage was removed from the bone and was fixed in
4% paraformaldehyde (Thermo Scientific). Fixed cartilage samples
were embedded in 3.5% agar in PBS and 100 um thick sections were
cut perpendicular to the articular surface using a vibratome. Sections
were stained with Alcian Blue and Safranin-O (Sigma) for GAGs. Stained
sections were then washed with PBS and visualized using an inverted
microscope (Axiovert 40C, Zeiss Microscopy) equipped with a Canon



608 M. Moeini et al. / Biochimica et Biophysica Acta 1840 (2014) 605-614

Powershot A640 digital camera attached to a Zeiss MC80DX 1.0x tube
adapter.

2.10. Energy dispersive X-ray spectroscopy (EDS) on scanning electron
microscopy (SEM)

Osteochondral cores from three different joints were mixed and 4
explants were used randomly. Osteochondral explants were injured
and incubated in blank culture medium for 20-22 h. Explants were
then removed from baths and were fixed in 2% glutaraldehyde
containing 0.2 M sodium cacodylate (pH 7.2) (Sigma) for 2 h and
then dehydrated in progressive concentrations of ethanol (30, 50,
70, 95, 100 and 100%) [35,36]. After being air-dried for 30 h, they
were mounted on an aluminum sample stub covered with adhesive
carbon tabs. Samples were sputter coated with a uniform layer of
gold and studied by a scanning electron microscope (JSM-840A,
JEOL) equipped with energy dispersive X-ray spectroscopy [37] at
20KkV for quantitative analysis of sulfur content at cracked and intact
surfaces. Because cartilage samples are not homogeneous and
polished, detected signal strength in the EDS analysis may vary due
to changes in height, angle relative to the detector, and absorption.
These changes in signal strength might be incorrectly attributed to
changes in concentration. In order to compare the sulfur content
among the different samples, sulfur count was normalized to carbon
count to compensate these effects. In addition, because carbon is the
most abundant element in the samples (biological samples), sulfur
count/carbon count approximates the sulfur concentration. It should
be noted that EDS analysis is less accurate for carbon as a light
element [38]. However, since the carbon content is very high in
cartilage samples, possible errors in carbon count measurements
do not seem to significantly affect the sulfur content comparisons
between cracked and intact surfaces.

2.11. Statistical analysis

Significant differences were identified using ANOVA and Tukey's
HSD test. Values are reported as mean 4 SEM. Results were considered
significant where p<0.05.

3. Results
3.1. Solute characterization

Absorbance spectrum of Dex-CHO (Supplementary Fig. S1B) exhib-
ited a strong peak at 223 nm not present in the absorbance spectrum of
Dex (Supplementary Fig. S1A), confirming the presence of aldehyde
groups [39]. Absorbance spectra of both Dex and Dex-CHO showed
strong peaks at ~495 nm due to FITC molecules [40]. The degree of
aldehyde substitution obtained was found to be 0.008 mmol aldehyde
groups per mg of Dex-CHO using hydroxylamine titration assay.
Considering the average molecular weight of glucose units of dextran
and average number of hydroxyl groups in each glucose unit to be
162 and 2.5, respectively, it was found that 51.3% of hydroxyl groups
were substituted with aldehyde groups.

Raman spectrum of Dex-peptide (Supplementary Fig. S1D) exhib-
ited two moderate peaks at 750-825 and 3350-3500 cm~! and a
weak peak at 1700-1800 cm ™! not present in Raman spectrum of Dex
(Supplementary Fig. S1C). In addition Raman spectrum of Dex-peptide
showed a stronger peak at 520-700cm ™~ ' compared to Raman spectrum
of Dex. These alterations may be attributed to tyrosine (Y), arginine (R),
phenylalanine (F) (since these three amino acids are the most abundant
in the structure of the peptide) and amide band [41]. The maximum
possible degree of peptide conjugation to dextran was calculated to be
only 5.3% (mole peptide/mole hydroxyl groups in original dextran
molecules). Therefore, it is not surprising that added peaks are not
strong.

3.2. Decreased solute adsorption to cracked surfaces of injured and sliced
explants

Examples of fluorescence microscopy images of explants equilibrated
with culture medium baths containing Dex, Dex-CHO, Dex-peptide
or peptide are shown in Fig. 2Ai-Diii. Strong solute accumulation at
articular surfaces of uninjured explants was observed for all solutes;
solute intensity deeper within the cartilage through to control edge
was less intense and more uniform (Fig. 2Ai, Bi, Ci and Di). Similarly, in
injured and sliced explants intensity was uniform within the tissue and
strong solute accumulation was observed at intact surfaces for all
solutes. However, there was less intensity at fissure sites compared
with intact surfaces and was only slightly higher than within the
performed with sliced explants for Dex-peptide. Quantification of
fluorescence images revealed significantly lower average intensities
at cracked surfaces of injured and sliced explants compared to
average intensities at intact surfaces of the same explants (Fig. 2E).
Average ratios of cracked surface intensity to intact surface intensity
within the same explants were significantly lower than 1 for
uninjured explants (ranged between 0.29 £ 0.05 and 0.46 + 0.10)
with no significant difference among solutes or injured and sliced
explants (Fig. 2E).

Examples of fluorescence microscopy images taken after incu-
bation of explants in culture medium baths containing Dex, Dex-
CHO or peptide and subsequent desorption in blank culture medium
are shown in Fig. 3Ai-Ciii. Similar to the observations after
adsorption (equilibration), solute accumulation at articular surfaces
of uninjured explants and intact surfaces of injured and sliced
explants was observed for all solutes; solute intensity deeper within
the cartilage through to control edge was less intense and more
uniform. In injured and sliced explants average surface intensity at
fissure sites was less intense than average intensity at intact surfaces
and was only slightly higher than uniform intensity within the
intensities were lower after desorption than after equilibration,
however brightness of images were adjusted so that differential
adsorption at cracked and intact surfaces are clear. Quantification
of fluorescence images revealed significantly lower average in-
tensities at cracked surfaces of injured and sliced explants compared
to average intensities at intact surfaces of the same explants
(Fig. 3D). Average ratios of cracked surface intensity to intact surface
intensity within the same explants were significantly lower than
theoretical value of 1 for uninjured explants (ranged between
0.31 £ 0.05 and 0.46 4 0.05) with no significant difference among
solutes or injured and sliced explants (Fig. 3D).

3.3. Altered solute adsorption to intact surfaces of injured and sliced
explants

Average intensities at intact surfaces of injured and sliced
explants were normalized to average surface intensities of uninjured
(control) explants. No general trend was observed in normalized
intensities at surfaces of uninjured explants and intact surfaces of
injured and sliced explants between different groups (uninjured,
injured and sliced) or between solutes (Fig. 2F) after explant
equilibration with Dex, Dex-CHO, Dex-peptide or peptide. However,
a general trend of increased average surface intensity in intact
surfaces of sliced and injured explants compared with surfaces
of uninjured explants was observed for explants equilibrated
with Dex, Dex-CHO or peptide after subsequent desorption in
blank culture medium (Fig. 3E). Increased intensities were more
significant in sliced explants. These findings suggest that solute
adsorption to intact surfaces of injured and sliced explants is
less reversible compared with adsorption to surfaces of uninjured
explants.
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Fig. 2. Fluorescence microscope images of sections of uninjured (control) (column i), injured (column ii) and sliced (column iii) cartilage explants equilibrated with (A) dextran (Dex), (B)
aldehyde-dextran (Dex-CHO), (C) dextran conjugated with chondroitin sulfate-binding peptide (Dex-peptide) or (D) chondroitin sulfate-binding peptide (peptide), all labeled with
fluorescein isothiocyanate (FITC). (E) Mean ratio of cracked surface fluorescence intensity normalized to intact surface fluorescence intensity within individual injured and sliced explants
after equilibration with solutes. Statistical comparisons were made to a ratio of 1 for uninjured explants. (F) Mean fluorescence intensity of surfaces of uninjured explants and intact
surfaces of injured and sliced explants normalized to fluorescence intensity of surfaces of uninjured explants after equilibration with solutes. Scale bar is 200 um. Mean + SEM (n = 4

for uninjured Dex-CHO, n = 6 for all other conditions); %: p<0.01.

3.4. Increased surface adsorption and bulk uptake of dextran after chemical
modifications

Absolute average intensities at surfaces of uninjured (control)
explants and intact surfaces of injured and sliced explants equilibrated
with Dex, Dex—CHO, Dex-peptide or peptide were compared to study
the effect of chemical modifications on surface adsorption (Fig. 4A).
The adsorptions of Dex-CHO and Dex-peptide were higher than
adsorption of Dex, but the differences were significant only between
Dex-CHO and Dex. Adsorption of Dex-peptide was lower than
adsorption of Dex-CHO, but the difference was significant only for
injured explants equilibrated with Dex-peptide. Dex-CHO and peptide
revealed the highest adsorptions among solutes with no significant
difference between them. Peptide adsorption was significantly higher
than adsorption of Dex and Dex-peptide.

Absolute average intensities within uninjured (control), injured and
sliced explants equilibrated with Dex, Dex-CHO, Dex-peptide or
peptide were compared to study the effect of chemical modification
on solute uptake (Fig. 4B). Consistent with surface adsorption, solute
uptake was highest for Dex-CHO and peptide with no significant
difference between them. Uptake of Dex-CHO and Dex-peptide were
higher than uptake of Dex; however, the difference was significant
only between uninjured and injured explants equilibrated with Dex-
CHO and explants equilibrated with Dex. Uptake of Dex-CHO was
higher than Dex-peptide. Differences between uninjured and injured
explants equilibrated with Dex-CHO and injured explants equilibrated
with Dex-peptide were significant. Peptide uptake was higher
than Dex and Dex-peptide uptake with significant difference between

uninjured and injured explants equilibrated with peptide and explants
equilibrated with Dex and also between uninjured explants equilibrated
with peptide and explants equilibrated with Dex-peptide. Consistent
with previous findings [17,19], no significant difference in bulk uptakes
was observed between uninjured, injured or sliced explants for each
solute.

3.5. Long-term desorption

Because of weak adsorption and uptake of Dex (Fig. 4), long-term
desorption experiments were performed only for Dex-CHO, Dex-
peptide and peptide. For the explants equilibrated with Dex-peptide,
average surface intensity dropped to 2% of its value at day 0 (equil-
ibration in baths) after 2 days desorption; in the case of peptide, the
average surface intensity dropped to zero (Fig. 5A). On the other
hand, for the explants equilibrated with Dex-CHO surface intensity
dropped by 56% after 2 days desorption with small decrease between
days 2 and 5 (only 6% decrease) which suggests that some molecules
adsorb irreversibly. Solute uptake for Dex-peptide dropped by 99%
after 2 days desorption, while peptide uptake dropped to zero. Dex-
CHO uptake decreased gradually by 78% from day 0 to day 5 with
more rapid decrease between days 0 and 2 (54%) (Fig. 5B).

3.6. Cell viability of explants was not decreased after incubation in solutes
Incubation of uninjured explants in Dex (Fig. 6A), Dex-CHO

(Fig. 6B), Dex-peptide (Fig. 6C) or peptide (Fig. 6D) baths did not
decrease the cell viability. Quantified viabilities expressed as percent
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desorption. Scale bar is 200 um. Mean + SEM (n = 6); *: p<0.05; %: p<0.01.

of live cells were 87.1 4 3.9% for Dex, 87.8 £+ 2.9% for Dex-CHO,
78.4 + 5.4% for Dex-peptide and 89.2 + 3.4% for peptide with no
significant difference between solutes or between solutes and control
(80.3 + 0.8%) (Fig. 6E).

3.7. Glycosaminoglycan distribution at cracked and intact surfaces of
cartilage

Alcian Blue and Safranin-O staining showed lower GAG content
near articular surfaces (Fig. 7A-F). While in some images of injured
and sliced explants GAG content was found to be lower at cracked
regions (Fig. 7E, for example), these observations were not consistent
(Fig. 7B, for example). On the other hand, EDS analysis showed higher
normalized sulfur content at cracked surfaces compared to intact
surfaces (Fig. 7G). Since GAG molecules are highly sulfated [42], changes
in GAG content may be represented by changes in sulfur composition.

4. Discussion

Observed significantly lower solute adsorptions at cracked surfaces
of injured and sliced cartilage explants than intact surfaces after
equilibration with solutes (Fig. 2A-E) or subsequent desorption
(Fig. 3A-D) are important because they may open new avenues for
development of customized imaging agents for early detection of
articular cartilage surface injuries and irregularities. In addition,
the findings may improve our understanding of the ultrastructure of
intact and fissure surfaces of cartilage and the nature of solute-surface
interactions.

The ratios of fluorescence intensity at fissure surfaces to intensity
at intact surfaces of injured and sliced explants were all significantly
less than 1 for uninjured explants (Figs. 2E and 3D). Differences in
intensities at damaged and intact surfaces seem to be significant
enough to be used for injury detection; intensity is almost uniform
in intact regions of cartilage surface while spots of lower intensity
may represent sites of injury. There was no significant difference in
the intensity ratios between injured and sliced explants which suggests
that the mechanism of differential adsorption is independent of the
nature of damage. Therefore, surface fissures induced by both impact
injuries or slicing can be detected by differential adsorption. Differential
adsorption was also detected after a desorption process. Hence, short-
term washout with synovial fluid does not limit the applicability of
this technique.

The exact nature of biochemical or structural changes at fissure sites
of damaged cartilage which results in altered solute-surface interactions
is unknown, because the ultrastructure of the cartilage superficial
surface is not fully understood [43] and solute-matrix interactions are
very complex and solute-specific [44]. The superficial layer of cartilage
consists of an acellular collagen-poor layer (lamina splendens, about
1 pum thick) and an underlying superficial tangential zone [5,45]. It has
been reported that lamina splendens consists of two sub-zones: (i) a
superficial anionic, proteinic, collagen-free layer, about 50 nm thick
and poor in chondroitin and keratan sulfate and (ii) a less anionic
layer, probably rich in chondroitin sulfate [5,45,46]. Almost all studies
agree on the anionic nature of the articular surface of cartilage [45,47].
One study showed that cationic proteins with pls greater than 7.0 and
molecular weights larger than 40 kDa bind to articular cartilage and
are retained in the joint for many days [48]. Therefore, electrostatic
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Fig. 4. (A) Average fluorescence intensity of surfaces of uninjured (control) cartilage
explants and intact surfaces of injured and sliced cartilage explants and (B) average bulk
fluorescence intensity of uninjured (control), injured and sliced cartilage explants
equilibrated with dextran (Dex), aldehyde-dextran (Dex-CHO), dextran conjugated
with chondroitin sulfate-binding peptide (Dex-peptide) or chondroitin sulfate-binding
peptide (peptide), all labeled with fluorescein isothiocyanate (FITC). Mean & SEM (n =
4 for control Dex—peptide, n = 6 for all other conditions); *: p<0.05; %: p<0.01.

interactions may be responsible for the strong adsorption of solutes to
intact surfaces of cartilage. Removal or disruption of the anionic layer
at fissure sites can lead to decreased solute adsorption. Since this anionic
layer is rich in proteins, its removal can also influence the aldehyde-
amine bindings in the case of Dex-CHO. In addition, since fissures
typically extended no deeper than 100-200 um, at fissures solutes
interact with the tangential superficial zone which is poor in chondroitin
sulfate [49,50]. On the other hand, the concentration of chondroitin
sulfate is high 50 nm below the articular surface [46]. Therefore, it is
possible that decreased adsorption of Dex-peptide and peptide onto
cracked surfaces is due to altered chondroitin sulfate concentration.
Finally, biochemical changes at fissures due to secretion of biochemical
mediators after injury [51,52] may also be involved in altered adsorption.

Due to the hydrophilic nature of GAGs and strong repulsion between
their negative charges, it may be hypothesized that GAGs expand into
spaces where cartilage has been cracked as the collagen network has
been disrupted. The expansion of these GAGs at fissures may limit the
access of other molecules to cracked surfaces and can lead to decreased
adsorption. However due to expansion, GAG concentration near fissures
may not be higher. This hypothesis is supported by histological
staining (Fig. 7A-F) and lower adsorption of Dex-peptide and peptide
to cracked surfaces (Figs. 2E and 3D). Although energy dispersive X-
ray spectroscopy showed higher sulfur content at cracked surfaces
(Fig. 7G), it may be because of dehydration and shrinkage of exposed
GAGs.

The fact that solute adsorption was less reversible at intact surfaces
of injured and sliced explants than surfaces of uninjured explants may
imply structural or biochemical changes at intact surfaces of injured
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Fig. 5. Average (A) surface and (B) bulk fluorescence intensity of uninjured (control)
cartilage explants equilibrated with fluorescently labeled aldehyde-dextran (Dex-CHO),
dextran conjugated with chondroitin sulfate-binding peptide (Dex-peptide) or chondroitin
sulfate-binding peptide (peptide) right after equilibration (day 0) and after subsequent
desorption in blank chondrocyte culture medium for 2 or 5 days. Mean 4 SEM (n = 3).

and sliced explants in addition to fissures. Therefore, solute adsorption
to cartilage surfaces is able to detect micro-damage or biochemical
changes at regions which visually look healthy. Structural and
biochemical changes at intact surfaces of mechanically injured explants
are expected, because impact injury may lead to micro-damage to the
collagen network. However, altered properties at intact surfaces of
sliced explants are not trivial and may be due to biochemical mediators
secreted after slicing [51,52] or other unknown effects.

Dextran modification with aldehyde groups or the CS-binding pep-
tide enhanced its surface adsorption and bulk uptake (Fig. 4). However,
it did not affect the ratios of fissure surface intensity to intact surface
intensity (Figs. 2E and 3D). Increased adsorption of modified dextrans
with the same level of differential adsorption can be useful clinically since
lower concentrations may be required. Increased adsorption of Dex-CHO
is consistent with previous findings [28] and can be attributed to the
binding of aldehyde groups to amine groups of proteins present at the
superficial layer of cartilage [5,45]. Increased adsorption of Dex-peptide
can be attributed to specific binding to chondroitin sulfate molecules.
However since in some studies it has been reported that chondroitin
sulfate is absent in the first 50 nm of the superficial layer [5,45], it may
also be due to nonspecific binding to proteins or electrostatic attraction
to the anionic surface of cartilage. Increased uptake of dextran after
modification with aldehyde groups and the CS-binding peptide may be
due to binding to proteins or chondroitin sulfate molecules, respectively,
electrostatic interactions and/or decreased molecular weight of dextran
after oxidation [53]. While strong adsorption can lead to more sensitive
imaging, adsorption needs to be reversible to be clinically applicable. In
contrast with Dex-peptide and peptide, adsorption and uptake of Dex—
CHO were not reversible (Fig. 5) which may limit its clinical application.

Dex-peptide seemed to be the best choice among the solutes
studied as potential carrier molecules. Like other solutes, Dex—peptide
showed differential adsorption and did not decrease the cell viability.
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On the other hand, its adsorption was stronger than dextran (but still In this study, all the studied solutes were conjugated with FITC. It has
reversible) and it is easy to conjugate MRI or CT contrast agents to its been previously shown that fluorescent labeling of solutes can affect their
dextran backbone. Peptide had all of these benefits, but it might be adsorption to cartilage surfaces [18]. Therefore, while altered adsorption

more difficult to conjugate contrast agents to a peptide. of dextran after modification with the peptide and aldehyde groups
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Fig. 7. Alcian Blue (A-C) and Safranin-O (D-F) histological staining of 200 pum thick sections of uninjured (control) (A and D), sliced (B and E) and injured (C and F) cartilage explants.
Arrows show regions with lower glycosaminoglycan content. Scale bar is 200 um. (G) Mean sulfur count at intact and cracked surfaces of injured cartilage explants normalized to carbon
count obtained by scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analysis. Mean + SEM (n = 4); ™: p<0.05.
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suggests that these molecules are involved in the adsorption mechanism,
conjugated FITC molecules may also have some contribution to the
observed adsorption behavior. However, the effect of fluorescent
labeling is likely minimized in this study, as it has been shown
that interactions of solutes with cartilage are less affected when
conjugated by FITC compared with positively charged fluorophores
(TRITC and TAMRA) [18]. Future studies using radioactive solutes
or solutes conjugated with CT or MRI contrast agents can further
investigate the individual role of studied solutes and fluorescent
labels.

5. Conclusions

The findings of the present study may open new avenues for
development of customized imaging tools based on solute adsorption
to cartilage surfaces. This approach has the advantage that surface
injuries and abnormalities can be detected before surface damage
leads to structural or biochemical changes in the tissue volume.
Moreover, this technique may be able to detect micro-damage or
biochemical changes at regions which visually look healthy in addition
to fissures. FITC labeled dextran, dextran conjugated with a chondroitin
sulfate (CS)-binding peptide and the CS-binding peptide alone showed
promising results for potential use as carrier molecules which can
be conjugated with CT or MRI contrast agents to develop cartilage-
specific contrast agents. Moreover, they can be used directly in in vivo
fluorescent imaging methods [54].

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.10.022.
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