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Measurement of local diffusion and composition in degraded articular
cartilage reveals the unique role of surface structure in controlling
macromolecular transport
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Developing effective therapeutics for osteoarthritis (OA) necessitates that such molecules can reach and
target chondrocytes within articular cartilage. However, predicting how well very large therapeutic
molecules diffuse through cartilage is often difficult, and the relationship between local transport
mechanics for these molecules and tissue heterogeneities in the tissue is still unclear. In this study, a

Keywords: 150 kDa antibody diffused through the articular surface of healthy and enzymatically degraded cartilage,
Er(l)lteoglycans which enabled the calculation of local diffusion mechanics in tissue with large compositional variations.
A‘:ﬂfrgi;zase Local cartilage composition and structure was quantified with Fourier transform infrared (FTIR) spec-

troscopy and second harmonic generation (SHG) imaging techniques. Overall, both local concentrations
of aggrecan and collagen were correlated to local diffusivities for both healthy and surface-degraded sam-
ples (0.3 >R?<0.9). However, samples that underwent surface degradation by collagenase exhibited
stronger correlations (R?> 0.75) compared to healthy samples (R? < 0.46), suggesting that the highly
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aligned collagen at the surface of cartilage acts as a barrier to macromolecular transport.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most prominent types of joint disease is osteoarthri-
tis (OA), for which a clear, effective treatment remains elusive.
Recent research supports that chondrocytes within articular carti-
lage play a large role in joint disease initiation and progression by
producing inflammatory cytokines such as interleukin-1 (IL-1) and
tumor necrosis factor-alpha (TNF-a) (Evans et al., 2013; Gerwin
et al., 2006; Martel-Pelletier, 2004; Moos et al., 1999; Shimizu
and Ohta, 2015). The use of antibodies (150 kDa) to bind to and
inhibit these factors has been very successful in treating other dis-
eases, such as rheumatoid arthritis (RA) (Chan et al., 2009;
Feldmann and Maini, 2001). However, there is concern that these
drugs will have trouble diffusing through the avascular articular
cartilage to target source cells in vivo, especially since synovial
fluid clearance times are on the order of hours (Allen et al., 2010;
Gerwin et al., 2006; Goldring, 2001; Martel-Pelletier, 2004; Moos
et al., 1999). As such, macromolecular transport into the inherently
complex cartilage tissue is an active area of investigation.
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There are well-known depth-dependent variations in composi-
tion and structure within articular cartilage, which is composed of
mainly of type-II collagen and aggrecan (Mow et al., 1984; Poole
et al.,, 2001). Aggrecan, a large negatively charged proteoglycan,
is responsible for a very small matrix pore size (Maroudas, 1975)
and an increasing matrix density deeper in the tissue (Maroudas
and Bullough, 1968; Mow et al., 1984; Poole et al., 2001). Near
the surface, collagen fibers are dense and highly aligned, but fiber
organization changes throughout the depth of the tissue (Hwang
et al,, 1992). The highly heterogeneous nature of this tissue has
many implications for molecular diffusion. Several studies have
shown that there are depth-dependent diffusive mechanics for a
wide range of large solutes (DiDomenico et al.,, 2017; Leddy
et al., 2006; Leddy and Guilak, 2003). However, these studies lack
explicit correlations between local matrix composition and local
diffusivity. Developing such relationships for larger therapeutics
would be helpful in healthy tissue, but it is also important to con-
sider how disease or degradation of cartilage affects these
relationships.

Clinical progression of many types of arthritis manifests itself
by losses in aggrecan and collagen density (Bank et al., 2000,
1997; Hwang et al., 1992; Martel-Pelletier et al., 1994; Sun,
2010; Treppo et al., 2000; Venn and Maroudas, 1977), which have
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important implications for bulk drug transport (Clark, 2001; Lotke
and Granda, 1972; Torzilli et al., 1997). To mimic in vivo degrada-
tion, matrix metalloproteinase-1 (MMP-1) (Case et al., 1989;
Nguyen et al., 1989; Pelletier et al., 1988) and other inflammatory
cytokines, such as IL-1 (Chin et al., 1985; Pelletier et al., 1988) and
TNF-a (Chin et al., 1985; MacNaul et al., 1990), have been used to
investigate the effects of degradation on cartilage structure and
solute diffusion mechanics. These studies have demonstrated
decreases in bulk and local mechanical properties (Elliott et al.,
2002; Griffin et al., 2014; Hayes and Bodine, 1978; Williamson
et al., 2003; Wilson et al., 2004; Zhu et al., 1993) and increases
to solute diffusion (Lotke and Granda, 1972; Torzilli et al., 1997).
Specifically, Torzilli reported an inverse dependence of solute dif-
fusivity on local aggrecan content for inulin and 70 kDa dextran
molecules (Torzilli et al., 1997). Interestingly, diffusion of even lar-
ger molecules (e.g. antibodies, 150 kDa) exhibit unexpectedly slow
diffusion through the superficial region (DiDomenico et al., 2017),
which is relatively low in aggrecan content (Silverberg et al., 2014).
As such, it is hypothesized that these molecules are heavily
affected by collagen structure, but this relationship has not been
fully elucidated.

Therefore, the overarching goal of this study is to investigate the
relationship between local cartilage structure and composition and
its effect on local antibody diffusion mechanics. Specifically, this
study aims to elucidate the role of the surface layer of cartilage
with regards to its effect on macromolecular diffusion through
the articular surface.

2. Methods
2.1. Cartilage harvest, preparation, and cartilage surface degradation

As described previously (DiDomenico et al., 2017), fresh, sterile,
2 mm full-thickness cartilage was harvested from the patellofe-
moral groove of 1-3 day old bovine calves (~10 experiments/ani-
mals) (Gold Medal Packing, Rome, NY). These plugs (~16 per
experiment) were rinsed in sterile phosphate buffered saline
(PBS) (Corning, NY) and randomly assigned to two groups: unde-
graded (healthy) and surface-degraded (n =8 per group). Surface-
degraded samples had a drop (~10 ul) of either two different
enzymes applied to the articular surface for 30 min at 37 °C
(Fig. 1): 2 mg/mL of bacterial collagenase (Worthington, type II col-
lagenase, Lakewood, NJ), to degrade both proteoglycans and colla-
gen (Billinghurst, 1997; Griffin et al., 2014), or 200 pg/mL of
trypsin (Cellgro, 0.25% trypsin EDTA, Manassas, VA), to degrade
only proteoglycans (Griffin et al., 2014; Nguyen et al., 1989). Suffi-
cient surface tension of the drop prevented accidental degradation
of the sides of the cartilage plugs. After degradation, samples were
serially rinsed with protease inhibitors in 1x PBS for 10 min.

2.2. Solute transport setup

For all samples, 2 x 4 x 1.15 mm slices of tissue were obtained
(DiDomenico et al., 2017) and placed in two 24-well plates (one for
healthy and one for degraded) such that the articular surface and
deep zones were exposed to media on lateral faces (Fig. 1). To limit
unwanted diffusion and tissue swelling (DiDomenico et al., 2017,
2016), an impermeable platen array was placed on top of each
24-well plate, compressing all samples ~15%. As in another study
(DiDomenico et al, 2017), 350ul of a chemically-stable
(DiDomenico et al., 2017, 2016), fluorescently-labeled (Alexa Fluor
633) antibody (150 kDa) solution (gift from Andrew Goodearl and
Anna Yarilina from AbbVie Inc, Worcester, MA) was added to each
well at a concentration of ~2.5 pM in PBS. Samples were exposed
to this solution for 3 h (DiDomenico et al., 2017, 2016).

2.3. Solute transport analysis (1-D spatial diffusion model)

After solute exposure, all slices were bisected perpendicular to
the articular surface (DiDomenico et al., 2017). This cut surface
of one of these slices (2 x 2 x 1.15 mm) was assessed on a confocal
microscope stage (LSM 710, Zeiss, Germany) to characterize anti-
body penetration perpendicular to the articular surface (Fig. 1).
Confocal microscope and laser settings were similar to those
described previously (DiDomenico et al., 2017, 2016). Column-
wise pixel averages of sample image data (hereby defined as fluo-
rescence profiles) were obtained from the articular surface to
1000 pm deep into the tissue. The sample geometry, averaging
technique, and cutting procedure in these experiments mitigated
the effects of diffusion in directions that were not perpendicular
to the articular surface and other imaging artifacts (DiDomenico
et al., 2017, 2016). These fluorescence profiles were used in place
of concentration profiles to inform local solute diffusion calcula-
tions (DiDomenico et al., 2017, 2016).

Fluorescence profiles (normalized to the fluorescence value at
x =0 pm) were broken down into discrete “layers,” spaced 35 pm
apart, for a total of 28 layers per sample (from 0 to 1000 pm). Using
a root mean square (RMS) error minimization procedure for each
layer, fluorescence data within that particular layer was fit to the
appropriate local solution of a multi-layer, transient slab diffusion
equation in 1D (Carr and Turner, 2015), as utilized in previous
studies (DiDomenico et al., 2017, 2016). The transport model was
used to calculate how solute diffusivity is affected locally through-
out the depth in both healthy and degraded samples (Fig. 2). Model
assumptions and boundary conditions were the same as previously
described (DiDomenico et al., 2017, 2016).

2.4. Analysis of gross sample composition (Biochemistry)

Using the same bisected half of cartilage used for confocal imag-
ing, biochemical analyses were performed, as previously described
(Ballyns et al., 2008; Middendorf et al., 2017). These samples were
weighed, refrozen, lyophilized, and weighed again. Samples were
then digested with 1.25 mg/mL papain solution (Sigma-Aldrich,
St. Louis, MO) overnight at 60 °C and analyzed for sulfated gly-
cosaminoglycan (GAG) content through a 1,9-dimethylmethylene
blue assay (Enobakhare et al., 1996) and for collagen through a
hydroxyproline assay (Neuman and Logan, 1950). Biochemical
properties were normalized to the dry weight of the samples and
averaged within healthy and degraded groups.

2.5. Analysis of spatial aggrecan sample composition (Histology)

The other 2 x 2 x 1.15 mm section of cartilage was then fixed in
formalin, embedded in paraffin, and sectioned into 4-pm thick sec-
tions on glass slides. Samples were dewaxed in serial xylene baths
and rehydrated in serial washes of ethyl alcohol (Silverberg et al.,
2014). These samples were then stained with Safranin-O for
11 min and dehydrated to visualize aggrecan within the tissue
(Fig. 3).

2.6. Analysis of spatial aggrecan content (Fourier transform infrared
spectroscopy)

As reported previously (Silverberg et al., 2014), 4-um thick sec-
tions of all samples were also placed on 2-mm-thick, 25 mm diam-
eter infrared transparent BaF, disks (Spectral Systems, Hopewell
Junction, NY). In transmission mode, a Hyperion 2000 Fourier
transform infrared imaging (FTIR) microscope (Bruker, Billerica,
MA) obtained sample absorbance spectra (average of 32
background-corrected scans between 600 and 4000 cm™!) with a
resolution of 4cm™! using a 15x objective (Silverberg et al.,
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Fig. 1. During sample preparation (A), cartilage explants were randomly assigned to
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three groups: 2 mg/ml collagenase, 200 png/ml trypsin, or healthy controls. With the

bottom third of all samples submerged in PBS, drops (~10 pl) of collagenase or trypsin were added to the articular surface of samples. After rinsing with protease inhibitors,
samples were cut to obtain slices measuring 4 x 2 x 1.15 mm. Degraded and healthy slices were then exposed to a fluorescent antibody solution (B) so that diffusion would

occur perpendicularly to the articular surface. After 3 h of exposure, samples diffusion

was examined with confocal microscopy. Compositional analysis was also performed

with Fourier transform infrared spectroscopy (FTIR), second harmonic generation (SHG) imaging, biochemistry, and histology. Bulk aggrecan and collagen content were
calculated with biochemistry techniques, and was normalized to dry weight for each group (N) (mg/mg). Using the average relative composition from FTIR and SHG (R),

relative concentrations were scaled point by point by the ratio of N and R.

2014). These absorbance spectra were collected at equally spaced
intervals (35 um) over a rectangular region of 25 x 120 mm?, from
the articular surface to the deep zone. Using a previously validated
method (Silverberg et al., 2014), spectra were fit to a linear combi-
nation of a pure type II collagen spectrum (Camacho et al., 2001), a

pure aggrecan spectrum (Camacho et al., 2001), and a linear base-
line over a spectral window from 900 to 1725 cm™! (Silverberg
et al., 2014). The resulting depth-wise, pure-compound aggrecan
coefficient, which is proportional to molecular concentration
(Silverberg et al., 2014), was scaled to the results of the
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Fig. 2. Fluorescence images allow calculation of fluorescence profiles for all three groups and determination of how degradation affects local solute diffusivities (left).
Transport analyses showing the fluorescence curves of all experimental conditions (middle) and their respective local diffusivities throughout the depth of the cartilage
(right). Samples with the surfaces degraded by either enzyme (collagenase or trypsin) exhibited higher fluorescence compared to the healthy controls within the first 400 pm
from the articular surface. Degradation with either trypsin or collagenase led to higher diffusivities compared to healthy within the first 350 pm (*: p <0.05, repeated-
measures two-way ANOVA), and all groups were statistically similar at depths >400 pm (with an average of 4 um?/s). Collagenase-treated samples exhibited the highest local
diffusivities (70 um?/s at 250 pm), compared to the trypsin-treated (40 pm?/s at 250 um) or healthy samples (20 pm?/s at 250 um), and highest diffusivities at the surface
(0 pum) of the tissue (45 pm?/s), compared to the trypsin (10 pm?/s) or healthy (4 um?/s) groups (p < 0.05). Error bars (both shaded and standard) denote standard deviations
with n =4-8.
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Fig. 3. Safranin-O histology images (left) demonstrate how trypsin and collagenase degrade the proteoglycans near the surface zone of the cartilage. Absorbance spectra from
FTIR analysis for the degraded samples compared to normal healthy controls (middle) at a depth of 100 um. Collagenase and trypsin both drastically changed the absorbance
spectra by altering the carbohydrate peak height near (1140-985 cm™'), suggesting collagenase caused greater loss of proteoglycans (including aggrecan) compared to
trypsin. Local aggrecan composition (right) was obtained by calculating the depth-dependent aggrecan fitting coefficient by decomposing FTIR absorbance data (Silverberg
et al., 2014). This coefficient was scaled to the average dry-weight aggrecan concentration obtained from biochemical analysis for each group (21-23%) (see Supplementary
Fig. 1). Degradation with collagenase or trypsin led to significant decreases (up to 40%) in aggrecan content, within the first 210 and 420 pm, respectively (p < 0.05). Aggrecan
content was statistically similar past 420 pm.

biochemical analysis of tissue samples by a single multiplicative
factor. This factor was equal to the average group-specific aggrecan
content from biochemistry (~ 22% of the dry weight) divided by
the average pure-compound aggrecan coefficient for each sample
(see Fig. 1). Using this factor enabled the calculation of absolute,
group-specific, depth-wise concentrations of aggrecan (Fig. 3).

2.7. Analysis of spatial collagen content (second harmonic generation
imaging)

Although the FTIR method enabled calculation of the spatial col-
lagen content, this method could not quantify disruption of the
organization of the collagen matrix in degraded samples. As such,
second harmonic generation (SHG) imaging was used to obtain a
better overall picture of how this degradation protocol affected

the concentration of organized collagen through the depth of the
tissue (Chen et al., 2012). Using the bisected sample halves used
for histology, an upright confocal microscope capable of SHG imag-
ing (LSM 880, Zeiss, Germany) was used to image 13-um thick,
deparaffinized sections of all samples. A 20x water-immersion
objective with a numerical aperture of 0.17 captured a ~1.5 pm
optical slice of each sample with a resolution of 0.35 pm/pixel. A
circular polarizer was used to prevent changes in collagen orienta-
tion from affecting SHG intensity. With a laser excitation wave-
length of 880 nm, a non-descanned detector (NDD) was used to
capture SHG intensity profiles from the articular surface to the
deep zone of the tissue (0-1000 um) with a 430-455 nm wave-
length filter in place to mitigate autofluorescence of the collagen
and other matrix constituents. Column-wise pixel averages of
SHG image data were then obtained and converted to organized
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collagen concentration by taking the square root of each averaged
pixel value (Chen et al., 2012). This depth-wise collagen concentra-
tion map for each sample was normalized to group-specific gross
collagen content (~52% of the dry weight) obtained from biochem-
istry, which resulted in absolute, organized collagen concentra-
tions for all samples (Fig. 4).

2.8. Statistical analysis

Repeated-measures two-way analysis of variance (ANOVA) was
performed to determine the effect of degradation and depth (the
repeated-measure) from the articular surface on local diffusivities
and local composition, with subsequent Tukey post-hoc tests for
pairwise comparisons. Linear regression was performed to assess
the relationship between local diffusivities and composition. Anal-
ysis of covariance (ANCOVA) was used to compare relationships
between diffusivity and composition. All statistics were carried
out in Minitab 17 Statistical Software (State College, PA).

3. Results
3.1. Transport analysis

For healthy and degraded samples, the shape of the fluores-
cence profiles obtained from confocal images suggest that diffusion
behavior is highly heterogeneous throughout the depth of the tis-
sue, consistent with previous studies (DiDomenico et al., 2017,
2016; Leddy and Guilak, 2003). Degrading cartilage samples with
collagenase or trypsin increased local fluorescence values up to
50% compared to healthy controls within 0-400 pm of the surface
and changed the shape of the fluorescence profiles in this region,
but no differences between groups were found beyond that depth.
Increases in local fluorescence were observed in areas of lower
aggrecan in all samples (Fig. 2), supporting the idea that aggrecan
content and local transport mechanics are highly related.

Using a validated multi-layer diffusion model with layers
spaced every ~35 pum (DiDomenico et al., 2017), all samples exhib-
ited heterogeneous diffusivities through the depth of the tissue
(Fig. 2). Healthy samples exhibited a maximum local diffusivity
of 20 um?/s at 250 pm from surface (p < 0.05, repeated-measures
two-way ANOVA), whereas values near the articular surface (0-
100 um) and deeper zones (>400pum) were about 4 pm?/s
(Fig. 2). Degradation with either trypsin or collagenase led to
higher diffusivities within the first 350 pm (p <0.05), and all
groups were statistically similar at depths >400 pm. Collagenase-

treated samples exhibited the highest local diffusivities (70 um?/s
at 250 um), compared to the trypsin-treated (40 um?/s at 250 pum)
or healthy samples, and highest diffusivities at the surface (0 pm)
of the tissue (45 um?/s), compared to the trypsin (10 um?/s) or
healthy (4 pm?/s) groups (p < 0.05).

3.2. FTIR analysis (local aggrecan composition)

A previously established (Silverberg et al., 2014), linear decom-
position analysis was conducted to analyze how aggrecan content
varied as function of depth in cartilage. Linearly decomposed spec-
tra closely fit the actual FTIR absorbance spectra at all tissue
depths, with average errors between 10 and 15%. Overall, the
biochemistry-scaled aggrecan composition of both healthy and
degraded samples varies as a function of depth (Fig. 3), as previ-
ously reported (Silverberg et al., 2014). Degradation with collage-
nase or trypsin led to significant decreases (up to 40%) in
aggrecan content, within the first 210 and 420 pm, respectively
(p<0.05) (Fig. 3). Consistently, there were visible decreases in
Safranin-O histological staining intensity in the first 0-250 pm
from the articular surface in samples that were treated with tryp-
sin and collagenase. At 100 pum, the FTIR absorbance spectra for
degraded samples exhibited lower absorbance values near
wavenumbers (~1140-985 cm™!) associated with carbohydrate
content (Camacho et al., 2001; Khanarian et al., 2014; Saarakkala
and Julkunen, 2010), consistent with these samples containing
lower amounts of proteoglycan (aggrecan) near the surface. Absor-
bances near the amide I (1720-1590 cm~') and amide III (1590-
1492 cm™!) regions (Khanarian et al., 2014) were similar for all
groups and depths, suggesting that that the gross amount of colla-
gen content was unchanged across all sample groups.

3.3. SHG analysis (local collagen composition)

Because FTIR could not identify the effects of collagenase on col-
lagen organization, SHG imaging was used to assess local composi-
tion of organized collagen, scaled to biochemistry data (Chen et al.,
2012). Overall, organized collagen concentration for the healthy
group mirrored compositional trends in collagen reported else-
where (Khanarian et al., 2014; Silverberg et al., 2014). As antici-
pated, organized collagen concentrations in trypsin-treated
samples did not differ significantly from healthy controls, but
collagenase-treated samples exhibited significantly lower orga-
nized collagen concentrations within the first 50 um from the
articular surface (p < 0.05) (Fig. 4).
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Fig. 4. SHG images demonstrate how these enzymes affect the distribution of organized collagen in the tissue (left) and normalized SHG intensity profiles (middle). As
anticipated, organized collagen concentrations in trypsin-treated samples did not differ significantly from healthy controls (right), but collagenase-treated samples exhibited
significantly lower organized collagen concentrations within the first 50 um from the articular surface (p < 0.05).
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3.4. Correlation analysis

Local diffusivities were compared to local collagen content
obtained from SHG and local aggrecan content obtained from FTIR
analyses. Overall, local diffusivity was negatively correlated with
concentrations of collagen and aggrecan in all groups (Fig. 5). Addi-
tionally, aggrecan and collagen content were more strongly corre-
lated with diffusivity in the degraded groups (trypsin: R% =0.45,
0.74, p <0.001; collagenase: R?=0.86, 0.75, p < 0.001), compared
to the healthy group (R? = 0.31, 0.46, p < 0.01). Furthermore, aggre-
can and collagen correlations for collagenase-treated samples
exhibited steeper diffusivity/concentration relationships compared
to correlations from the healthy group (p < 0.05, ANCOVA).

4. Discussion

The goal of this study was to investigate how the spatial diffu-
sion patterns of diffusion of an antibody relate to local cartilage
structure and composition in healthy and degraded samples. Con-
sistent with previous research (DiDomenico et al., 2017), diffusion
kinetics of this antibody are highly heterogeneous. These spatially-
dependent diffusivities were found to be related to local structure
and composition (0.3 < R? < 0.9). When the collagen structure near
the articular surface of samples was disrupted with collagenase,
correlations increased in strength (R?>0.75) and these samples
exhibited much higher (up to an order of magnitude) local diffusiv-
ities at the surface. Ultimately, this study reveals that the aligned
collagen at the articular surface of healthy cartilage dominates dif-
fusive hindrance of large therapeutics.

This study used two enzymes (trypsin and collagenase) to tar-
get proteoglycans and collagen. In cartilage, trypsin cleaves the
aggrecan core protein, releasing sulfated GAG chains from aggre-
can (and other smaller proteoglycans) (Bonassar et al., 1995;
Torzilli et al., 1997; Xia et al., 1995) from the tissue. In addition
to removing proteoglycans (Billinghurst, 1997; Fosang et al.,
1996), collagenase denatures the triple helix of collagen II, cleaving
the collagen molecule into smaller fragments and degrading inter-
molecular crosslinks that enable formation of organized fibrils
(Billinghurst, 1997). Use of FTIR showed that collagenase and tryp-

sin both decrease local concentrations of proteoglycans. Unexpect-
edly, FTIR did not demonstrate differences for absolute collagen
concentrations between healthy and collagenase-treated groups
(Supplementary Fig. 2). However, use of SHG images revealed
lower amounts of organized collagen at the surface of
collagenase-treated samples within the first 50 pm. Thus, collage-
nase did not have enough time to remove significant amounts of
collagen protein from the matrix, but was able to disrupt collagen
organization by fragmenting collagen fibrils (Billinghurst, 1997).
This study therefore elucidates how macromolecular transport is
affected by changes in collagen structure and depletion of
aggrecan.

Making local measurements revealed that enzymatic treatment
had the most profound effect on the diffusivity of the surface
region. Application of trypsin or collagenase resulted in higher
local diffusivities (up to 10-fold compared to healthy) at depths
up to 400 um from the tissue surface. Although both trypsin and
collagenase  treatments increased sample diffusivities,
collagenase-treated samples exhibited significantly higher diffu-
sivities than trypsin treated within 0-100 um of the surface
(Fig. 2). Because both enzymes removed similar amounts of pro-
teoglycans in this region, the higher local diffusivities in
collagenase-treated samples are likely due to disruption of the
highly aligned collagen at the surface.

Correlations between local composition and diffusivity also
point to the importance of organized collagen in the surface layer
on macromolecular transport. Across all depths, healthy samples
had the weakest correlations between composition and local diffu-
sivity (R®><0.46), whereas these correlations for collagenase-
treated samples were stronger (R% > 0.75). In general, correlations
were weakened in healthy samples by regions in the top 100 pm
(light points in Fig. 5), which had much lower diffusivity than
would be predicted by relationships formed from the middle and
deep regions of samples (dark points in Fig. 5). Removal of aggre-
can by trypsin improved this aggrecan/diffusivity correlation only
slightly, with the surface region clearly having lower diffusivity
than expected. In contrast, disruption of surface collagen by colla-
genase dramatically increased surface diffusivity (up to 10-fold
compared to healthy), resulting in a single linear correlation (for
both aggrecan and collagen content) that described all regions of
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Fig. 5. Correlations comparing local diffusivities from the transport analysis to the local composition obtained from FTIR and SHG for healthy (A), trypsin-treated (B), and
collagenase-treated (C) groups. Lighter shaded data designate points near the articular surface of samples (within 0-100 pm). Overall, concentrations of collagen and
aggrecan were negatively correlated with local diffusivity in all groups. The slopes of the diffusivity/composition correlations for local aggrecan and collagen content are —78
and —47 for healthy samples, —153 and —138 for trypsin-treated samples, and —293 and —285 for collagenase-treated samples, respectively. Aggrecan and collagen content
were more strongly correlated with diffusivity in the degraded groups (trypsin: R? = 0.45, 0.74, p < 0.001; collagenase: R? = 0.86, 0.75, p < 0.001), compared to the healthy
group (R?=0.31, 0.46, p < 0.01). Additionally, aggrecan and collagen correlations for collagenase-treated samples exhibited steeper diffusivity/concentration relationships

compared to correlations from the healthy group (p < 0.05, ANCOVA).
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the tissue (Supplementary Fig. 3). Because the only major change
between collagenase and trypsin treatment is collagen structure
within this surface region (see Figs. 3 and 4), this further supports
the conclusions that an intact collagenous surface zone acts as a
selective barrier to large solutes and that aggrecan content is a
strong predictor of diffusivity in degraded cartilage and in the dee-
per zones of healthy cartilage.

Although the highly aligned collagen layer at the surface has
major implications for macromolecular transport, there is strong
evidence that aggrecan concentration is more important for trans-
port deeper in the tissue, where collagen content was similar for all
groups. Compared to healthy samples at 150 pm, aggrecan content
was ~43% lower for collagenase-treated samples and 25% lower for
trypsin-treated samples, whereas diffusivities were ~4 and 3 times
higher in this region, respectively. Thus, even a small decrease in
aggrecan content can lead to a significant increase in local diffusiv-
ity for large solutes. These data are consistent with data from smal-
ler molecules in mature bovine tissue (5 kDa inulin and 70 kDa
dextran) (Torzilli et al., 1997). Similarly, decreases in aggrecan con-
tent have increased bulk diffusivities of a variety of solutes (with
greater relative diffusivity changes for larger solutes) in both
healthy and diseased human cartilage (Maroudas, 1970). Ulti-
mately, both the surface layer and aggrecan content are critical fac-
tors in determining macromolecular transport throughout the
depth of cartilage.

While this study uses a well-established and validated experi-
mental procedure for antibody diffusion (DiDomenico et al.,
2017, 2016), using these degradative enzymes raises some unan-
swered questions. Although desired, it is currently unknown how
to degrade only the collagen matrix without affecting aggrecan in
cartilage. As such, the correlations obtained for collagenase-
treated samples intrinsically include effects from degrading both
constituents of cartilage. However, this type of degradation is more
likely clinically relevant, since natural degradation in vivo would be
similar to collagenase degradation (Billinghurst, 1997). There is
also reason to believe that the local partition coefficient is being
significantly affected by degradation of the aggrecan in the tissue.
Fluorescence images show large bands of increased fluorescence
that match up well with areas of lower aggrecan content from his-
tology (Fig. 2). Thus, it is likely that these areas are experiencing
higher local partition coefficients, but these were not calculated
in this study. These experiments were not conducted on mature
cartilage tissue, but the structure and heterogeneities of articular
cartilage are similar across species and age (Klein et al., 2007;
Poole et al., 2001). Strong trends were found between diffusivity
and solute size across many different types of cartilage, including
adult human (DiDomenico et al., 2018). Thus, the composition
and diffusivity relationships are likely transferrable to cartilage of
various age and species. Finally, this study did not explicitly mea-
sure the role of collagen fiber diameter on local diffusion. Since
another study found no lateral diffusional changes throughout
the middle and deep zones (DiDomenico et al., 2016), collagen ori-
entation and fiber size seem to be most important in areas of lower
aggrecan content, such as the surface region. Furthermore, our data
and previous data on antibody diffusion (DiDomenico et al., 2017)
support that diffusion of larger solutes are hindered more so than
smaller solutes in the surface zone.

With the application of FTIR and SHG techniques in combina-
tion with well-established diffusion protocols (DiDomenico et al.,
2017, 2016), this is the first study to directly examine the relation-
ship between local structure/composition and local diffusion
mechanics of a large therapeutic antibody (150 kDa) in cartilage.
Overall, the local diffusivity was well predicted by both local con-
centrations of aggrecan and collagen, and the highly aligned colla-
gen at the articular surface was found to dramatically hinder
transport of antibodies into the tissue. These relationships are rel-

evant to both healthy and diseased human cartilage and can be
used to help inform and develop targeted therapies based on local
composition and collagen orientation.
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