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Multiscale Mechanical
Evaluation of Human
Supraspinatus Tendon Under
Shear Loading After
Glycosaminoglycan Reduction
Proteoglycans (PGs) are broadly distributed within many soft tissues and, among other
roles, often contribute to mechanical properties. Although PGs, consisting of a core pro-
tein and glycosaminoglycan (GAG) sidechains, were once hypothesized to regulate
stress/strain transfer between collagen fibrils and help support load in tendon, several
studies have reported no changes to tensile mechanics after GAG depletion. Since GAGs
are known to help sustain nontensile loading in other tissues, we hypothesized that GAGs
might help support shear loading in human supraspinatus tendon (SST), a commonly
injured tendon which functions in a complex multiaxial loading environment. Therefore,
the objective of this study was to determine whether GAGs contribute to the response of
SST to shear, specifically in terms of multiscale mechanical properties and mechanisms
of microscale matrix deformation. Results showed that chondroitinase ABC (ChABC)
treatment digested GAGs in SST while not disrupting collagen fibers. Peak and equilib-
rium shear stresses decreased only slightly after ChABC treatment and were not signifi-
cantly different from pretreatment values. Reduced stress ratios were computed and
shown to be slightly greater after ChABC treatment compared to phosphate-buffered
saline (PBS) incubation without enzyme, suggesting that these relatively small changes in
stress values were not due strictly to tissue swelling. Microscale deformations were also
not different after ChABC treatment. This study demonstrates that GAGs possibly play a
minor role in contributing to the mechanical behavior of SST in shear, but are not a key
tissue constituent to regulate shear mechanics. [DOI: 10.1115/1.4036602]

Keywords: glycosaminoglycans, supraspinatus tendon, shear, mechanical properties,
enzyme treatment

1 Introduction

Injury, disease, and age-related degeneration of tendon often
lead to deteriorated mechanical properties and loss of function
[1]. To address the origins of altered mechanical behavior, the
structural and compositional properties of tendons in heathy or
diseased states have been characterized to elucidate how these
factors contribute to mechanical function [2,3]. In addition, treat-
ment strategies for tendon injuries seek to promote the formation
of normal structural and compositional properties in order to
restore a suitable environment to promote cell-mediated tissue
remodeling and sustain in vivo mechanical loading. Therefore,
tendon structure and function not only dictate mechanical proper-
ties, but also are key indicators to help evaluate treatment
efficiency.

Previous literature has established that tendon is mainly com-
posed of collagen type I, with minor amounts of other extracellu-
lar matrix (ECM) components, including other types of collagen,
glycoproteins, elastin, and PGs [3]. Although collagen type I is
the principal tendon component that supports mechanical loading,
other constituents, especially elastin and PGs, have been sug-
gested to contribute to tendon mechanics [4,5]. PGs, consisting of

a core protein with attached GAG sidechains, are observed in the
interfascicular matrix of tendons and in specific regions of some
tendons (i.e., flexor tendon, supraspinatus tendon) that experience
multiaxial loading [6,7]. Besides being present in healthy tendon,
increased GAGs have been shown to collocate with disorganized
collagen fibers, and expression of PGs (e.g., aggrecan and bigly-
can) is prominently upregulated in injured tendons [8,9]. There-
fore, evaluation of PG/GAG quantity and distribution has been
regarded as an essential task to address tendon structure–function
relationships [10,11].

Knockout animal models and degradation via enzyme treatment
have been adopted as two common approaches to examine the
role of PGs and GAG side chains in tendon function from both
biochemical and mechanical perspectives [9,12–17]. Using such
techniques, small leucine-rich PGs (i.e., decorin, biglycan) have
been shown to modulate the functional activity of growth factors
and cell surface receptors and provide regulatory effects (e.g., col-
lagen fibrillogenesis) in tendon that often have mechanical impli-
cations [15,16,18]. Another study suggested that decorin and
biglycan bind calcium ions and promote mineralization of tendon
collagen fibrils [19]. Regarding direct mechanical contributions,
PGs undoubtedly help sustain compressive loading in tendon
(e.g., through water bound to the GAG sidechains of the large PG
aggrecan) [20,21], similar to their demonstrated role in cartilage
[22–25]. However, tensile testing of enzymatically treated tendon/
ligament showed that GAG degradation did not alter mechanical
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parameters, suggesting that GAGs do not contribute directly to
tensile mechanics of tendon/ligament [26–28]. These results con-
tradict a previously proposed theoretical mechanism, wherein PG
core proteins bind to collagen fibrils, and GAGs cross-link fibrils
to increase tensile strength of connective tissues [29], as well as
the previous results showing that GAGs contribute to the mechan-
ics of other soft tissues such as arterial wall and sclera [30,31].

Determining whether GAGs play a role in tendon mechanical
properties under other nontensile loading conditions (i.e., shear,
torsion) represents an important additional approach to fully con-
sider their potential contribution to tendon function. One previous
study of human medial collateral ligament showed unaltered shear
stresses before and after GAG digestion via chondroitinase B
treatment [28]. Still, it remains unclear whether GAGs play a
mechanical role at both macro- and microscales in tendons that
experience significant nontensile loading during normal physio-
logical function. Human SST, the most commonly injured tendon
of the rotator cuff in the shoulder [32], is subjected to complex
multiaxial loading (i.e., tension, shear, compression) in vivo,
including intratendinous shear strain through the tendon thickness
during glenohumeral abduction [33]. The complex mechanical
nature of the physiological SST environment likely contributes to
the unique region-specific tensile mechanical properties, collagen
organization, and PG distribution of this tissue [33–35]. While our
previous work showed that elastin depletion altered shear mechan-
ics of SST, [9] it is unknown if PGs and corresponding GAG side-
chains also facilitate the mechanical response of SST to shear
loading. Moreover, even with only moderate/minor changes in
macroscale shear mechanics following GAG depletion, micro-
scale deformations of treated tendons could potentially exhibit dif-
ferences due to disrupted microstructural integrity of collagenous
matrix and adjacent GAGs. Therefore, using a multiscale experi-
mental approach to simultaneously evaluate macroscale mechani-
cal properties and microscale deformation of SSTs with intact or
digested GAGs can help address mechanisms governing the
behavior/role of GAGs in the shear behavior of tendons which
experience significant nontensile physiologic loads.

The goal of this study was to quantify multiscale mechanical
behavior of human SST before and after removing GAGs to
understand how GAGs contribute to shear response of this com-
plex and unique tendon. Biomechanical shear test through tendon
thickness was performed on samples from specific regions of
human SST with microscale deformation modes simultaneously
recorded via two-photon microscopy. Based on the previous prop-
osition that GAGs might bridge adjacent collagen fibrils and con-
sequently help stress transfer to the higher-scale fibers, and that
SSTs are suggested to have greater amounts of GAG content com-
pared to other connective tissues, we hypothesized that GAG
depletion in SST would lead to inferior mechanical properties on
the macro- and microscales, including decreased peak/equilibrium
stresses and increased local-matrix-based measures of deforma-
tion (i.e., strain and rotation).

2 Materials and Methods

2.1 Chondroitinase ABC Treatment Protocol. A series of
concentration- and time-dependent tests were conducted to deter-
mine an appropriate treatment protocol using chondroitinase ABC
(ChABC), which can degrade GAG chains from tendon. The
medial region of a single SST was used to obtain small tissue
specimens (n¼ 15) with approximate dimensions of 1� 0.5� 0.5
mm3 and weights of 40–50 mg. To optimize enzyme concentra-
tion, specimens were randomly assigned to be incubated in 30 ml
pH¼ 8 buffer containing 50 mM Tris, 60 mM sodium acetate,
0.02% bovine serum albumin with 0 (control), 0.1, 0.2, 0.3, and
0.4 units/ml ChABC (n¼ 3 for each concentration, C2905,
Sigma-Aldrich, St. Louis, MO) for 6 h at room temperature [9].
To optimize enzyme incubation time, similar specimens (n¼ 15)
were harvested and incubated in 30 ml buffer with 0.2 units/ml

ChABC for 0 (control), 1, 3, 8, 16 h at room temperature. After
ChABC treatment, a dimethylmethylene blue (DMMB) colorimet-
ric assay was used to quantify GAG content, reflecting PG
amount, in all specimens [12,13,29]. After tissue digestion via
papain (papain from papaya latex, P4762, Sigma-Aldrich,
St. Louis, MO), 1-9-dimethylmethylene blue (DMMB, 341088,
Sigma_Aldrich, St. Louis, MO) was added to the tissue solution in
standard 96-well plates. Intensity of 595 nm wavelength light was
quantified for each sample by spectrometry and compared to
standard curve data to determine GAG content, which was nor-
malized by sample wet weight [36].

Since the attachment of relatively large mechanically tested
samples to shear clamps partially blocks enzymatic solution from
contacting sample surfaces during incubation, the penetration of
ChABC into full-size clamped samples was also evaluated.
Human SST exhibits heterogeneous collagen organization and
GAG distribution, making it challenging to evaluate penetration
of enzymatic degradation [5]. Our preliminary data found that
bovine deep digital flexor tendon (DDFT) had a constant distribu-
tion of GAGs (0.21 6 0.02% normalized by wet weight) in the
proximal region, consistent with previous studies [7,37]. There-
fore, the proximal region of DDFT was used as a representative
model for this quantification. Two adjacent and paired samples
(n¼ 4) with the same size as mechanically tested samples were
harvested from the proximal region of four bovine DDFTs, as
done previously [6,7,38]. Samples were glued to shear test
clamps; one clamps-sample assembly was incubated in PBS for
8 h as the control, and the other incubated in 0.2 units/ml ChABC
buffer for 8 h. After incubation, thin pieces of specimens weighing
40–50 mg were carefully collected at five locations evenly spaced
along the treating buffer depth from treated/incubated samples for
biochemical analysis. The normalized sample width (marked by
the arrow inside the block, Fig. 1(c)) was taken as 1, and the sam-
ple surface was defined as 0. Normalized GAG content was com-
puted as the ratio of GAGs in treated samples relative to
corresponding controls along the sample width.

2.2 Biomechanical Tests. Using results from our previous
multiscale studies of bovine flexor tendon [6,7], a power analysis
(power¼ 0.8; a¼ 0.05) determined that a sample size of n¼ 7
would be sufficient to find differences in stress and microscale
strain values of at least 4 kPa and 4%, respectively, before and
after enzyme depletion. Seven cadaveric shoulder specimens
(mean age: 61.3 6 14.6 yr) with no evidence of tendon damage
were dissected to harvest SSTs. As described in the previous stud-
ies [9,34,35], full-thickness samples were obtained from anterior,
posterior, and medial regions of SST for biomechanical tests, and
an adjacent specimen was harvested from each sample as control
tissue for biochemical or histological analysis. After the surfaces
of mechanically tested samples were leveled on a freezing-stage
microtome, cross-sectional area and thickness were measured by
a noncontact laser scanning system (Keyence, Elmwood Park,
NJ) [9].

Samples, stained with 5-dichlorotriazinyl aminofluorescein and
diamidino phenylindole to visualize collagen and nuclei as done
previously [6,9], were mounted in a biomechanical test device
combined with a Zeiss two-photon confocal microscope [6,9].
The test system, applied shear loading protocol, and image acqui-
sition settings/timings were adopted from the previous studies [9],
which compared the mechanical response of human SST in shear
after elastase treatment. Accordingly, after preloading samples,
photobleached grids were created with four adjacent
100� 100 lm squares at a depth of 50 lm at each of the three
locations evenly spaced along the sample thickness (Fig. 2). Step-
increases of 0.08, 0.16, and 0.24 shear strains with 12-min relaxa-
tion periods between each strain value were incrementally
applied. Multichannel z-stacks of photobleached squares were col-
lected after preload and 8 min after each incrementally applied
strain [6,9]. Following the test protocol, samples were kept

071013-2 / Vol. 139, JULY 2017 Transactions of the ASME



attached to clamps, and clamp-sample assemblies were treated
with the previously optimized enzyme protocol (see Sec. 3.1),
namely 0.2 units/ml ChABC buffer for 8 h. Following ChABC
treatment, photobleached squares were recreated again on the
same three sample locations (or on nearby locations if the previ-
ous photobleached grids were not sharp) for image analysis. The
shear loading protocol and image acquisition were then performed
again for all treated samples. Control data from our prior study
[9], namely shear test data of SST samples before and after PBS

incubation (without enzyme treatment), were employed here to
compare the effects of PBS incubation and GAG depletion on
SST mechanical properties.

2.3 Evaluation of Treatment Efficiency. After the comple-
tion of biomechanical tests, ten samples and corresponding con-
trols were randomly selected for DMMB assay. Three tissue
segments weighing 40–50 mg were collected from each sample

Fig. 2 Microscopy images from three locations of the same sample before and after applica-
tion of 0.24 shear strain. Different locations within one sample from a single SST region
showed heterogeneous organization of collagen fibers and different modes of deformation:
no obvious deformation at location 1; fiber sliding at location 2; fiber reorganization at loca-
tion 3. Rotation angle, h, was calculated as the angle between the horizontal axis of images
and deformed photobleached grids. Grid intersection points (dots added for visualization pur-
pose only) were used to calculate local-matrix-based strain, while white arrows show shear
loading direction.

Fig. 1 Normalized GAG amounts in SST samples treated for 6 h with different concentrations
of ChABC buffer (a) or with 0.2 units/ml ChABC buffer for different durations of incubation (b).
(c) GAG amount within DDFT after ChABC treatment exhibited a gradient distribution along
the sample width; inset displays how clamps (left and right blocks) and attached sample (mid-
dle block) are secured for incubation and the subsequent mechanical test, where the normal-
ized width is shown as 0 (top) to 1 (bottom) and is indicated as the x axis in the plot.
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evenly along sample width to quantify GAG content, as discussed
in Sec. 2.1.

The efficiency of ChABC treatment was also evaluated using
histological analysis of mechanically tested samples and paired
controls from three regions of each of two SSTs (i.e., anterior,
posterior, medial). Samples were fixed in 4% paraformaldehyde
for 24 h, dehydrated in 70% ethanol, and embedded in paraffin.
Paraffin sections (5-lm thickness) were obtained from both the
top surface and middle portion of mechanically tested samples.
From location-matched control samples, histological sections
were taken from the paired/mirrored surface that was opposite to
the analyzed/imaged surface of mechanically tested samples. Sec-
tions were stained with hematoxylin and eosin (H&E) or Alcian
blue and imaged via bright field microscopy with 10� and 40�
objectives. Typical images representative of collagen organization
and GAG distribution were selected for presentation.

2.4 Data Analysis. For biochemical data, GAG amounts
from tendon specimens/samples after ChABC treatment were nor-
malized by GAG content of corresponding (nonincubated) con-
trols. Peak (rp) and equilibrium (re) stresses were calculated as
force values immediately after each strain step and each 12-min
stress–relaxation period, respectively, divided by cross-sectional
areas (dimensions in xy plane in Fig. 1(c)). Normalized stresses
were computed by dividing stresses from the second shear tests of
ChABC-treated samples by the peak stress value (at 0.24 strain)
from the first shear test (i.e., before incubation) of the same sam-
ple. The relaxation percent, peak reduced ratio, and equilibrium
reduced ratio were evaluated as follows:

Relaxation percent %ð Þ ¼ 100
rp � re

rp
(1)

Peak reduced ratio %ð Þ ¼ 100
rp2 � rp1

rp1

(2)

Equilibrium reduced ratio %ð Þ ¼ 100
re2 � re1

re1

(3)

where rp2 and rp1 are peak stresses for the first and second shear
tests, and re2 and re1 are equilibrium stresses for the first and sec-
ond shear tests.

As shown in our previous studies [6,9], local-matrix-based
strains were calculated as 2D Lagrangian strains by tracking pho-
tobleached squares visualized in microscopic images. Rotations,
which characterize rigid body motion of photobleached squares,
were defined as the average angle between the image x-axis and
deformed horizontal photobleached grids (Fig. 2).

PRISM software (GraphPad Software, Inc., La Jolla, CA) was
used to perform statistical analysis. Differences in output parame-
ters by SST regions (anterior, posterior, and medial) were eval-
uated by one-way analysis of variances (ANOVAs) and post hoc
comparisons with Bonferroni corrections. Mechanical differences
(i.e., peak stress, equilibrium stress, relaxation percent) before and
after ChABC treatment were determined by paired t-tests. To eval-
uate local-matrix-based strains and rotations, unpaired t-tests were
used; a few issues in acquiring image stacks for the same samples
before and after treatment precluded paired analysis. Unpaired t-
tests were also used to compare mechanical parameters (peak
reduced ratio, equilibrium reduced ratio) for PBS- and ChABC-
incubated samples. Statistical significance was set at p< 0.05.

3 Results

3.1 Quantification of Treatment Efficiency. Untreated
human SSTs had 0.282 6 0.0383% GAGs (percent of wet weight)
and no significant differences of GAG content were found by SST
region (anterior, posterior, and medial). For the small tissue speci-
mens, all enzyme treatment protocols decreased GAG amount
dramatically (Figs. 1(a) and 1(b)). In terms of increasing enzyme
concentration, GAG content appeared to plateau (at �5%

Fig. 3 Typical histological images of paired control and treated SST samples, which were
stained by H&E and Alcian blue to show collagenous ECM ((a)–(c)) and GAGs ((d)–(i)), respec-
tively. After ChABC treatment, the ECM was not visibly disrupted. GAG amount decreased dif-
ferentially by location within each sample (demonstrated by varying intensity of staining in (e)
and (f) compared to (d)), and GAG-rich pericellular matrix was observed to have been particu-
larly degraded. Images (a)–(f) were acquired by 103 objective and images (g)–(i) by 403 objec-
tive. Treated-top and treated-middle are sections from the top and middle of treated samples,
respectively. Arrows in images (g)–(i) denote cell nuclei.
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remaining) by 0.2 units/ml ChABC buffer (Fig. 1(a)). In terms of
increasing incubation duration, no change in GAG quantity was
apparent after 8 h of incubation. Based on these results, 0.2 units/
ml ChABC buffer for 8 h was adopted as the treatment protocol.
In the relatively large bovine DDFT samples, a gradient distribu-
tion of remaining GAGs was found after ChABC treatment, with
33.5 6 17.2% left at the top of samples and �65% remaining in
the middle of samples (Fig. 1(c)). The contact between the con-
tainer and sample surface possibly contributed to the increase of
remaining GAGs to 55.4 6 11.3% adjacent to the sample bottom.
For the biomechanically tested SSTs, samples contained
48.0 6 10.5% GAGs after ChABC treatment compared to the cor-
responding controls without enzyme treatment.

Based on the qualitative histological assessment, collagen den-
sity, collagen organization, and crimp of collagen fibers remained
unchanged on the top and middle of samples after treatment, as
evidenced by H&E-stained sections (Figs. 3(a)–3(c)). In contrast,
sections from both the top and middle of treated samples showed
less GAGs than corresponding sections of controls, as shown by
Alcian blue stain (Figs. 3(d) and 3(e)). Consistent with the bio-
chemical results demonstrating a gradient in GAG distribution,
histological analysis showed that more GAGs were retained in the
middle of treated samples (i.e., darker blue stain) than the top
(Figs. 3(e) and 3(f)). Interestingly, GAG-rich pericellular matrix
was observed around some fibroblasts in SST controls (Fig. 3(g)).

ChABC treatment appeared to digest most pericellular GAGs
from sections of the top and middle of the samples following
enzyme incubation (Figs. 3(h) and 3(i)).

3.2 SST Mechanics After GAG Depletion. For all samples
before ChABC treatment, there were no statistically significant
differences detected by tendon region (i.e., anterior, posterior,
medial) for peak and equilibrium stresses (Figs. 4(a) and 4(b)).
All regions showed increased stresses at larger strain steps, while
large differences between magnitudes of peak and equilibrium
stresses clearly demonstrated that significant stress relaxation
occurred. For evaluating the mechanical effect of enzyme treat-
ment, normalized stress–relaxation curves were calculated to
reduce the effect of mechanical variation of samples from differ-
ent donors. ChABC treatment of samples from all three regions
led to larger reductions of normalized stresses for the whole load-
ing period compared to PBS-incubated samples (Fig. 5), demon-
strating some evidence of a mechanical effect due to enzymatic
GAG degradation. As no statistically significant differences in
peak/equilibrium stresses or time-dependent relaxation were
observed by SST region (anterior, posterior, medial), all regions
were grouped together for further analysis to examine the influ-
ence of GAG depletion on tendon mechanics.

No significant differences were found for peak and equilibrium
stress values computed for samples before and after ChABC treat-
ment (Figs. 6(a) and 6(b)). Relaxation percent was also similar
between samples before and after treatment, and decreased
slightly at increasing strain steps (Fig. 6(c)). Peak and equilibrium
reduced ratios were larger for samples treated by ChABC buffer
than for control samples incubated in PBS, suggesting some
mechanical effect of GAG degradation to tendon mechanics (i.e.,
larger reductions in stresses); however, these differences did not
reach the level of statistical significance (Fig. 7). There was no
apparent effect of strain-level on peak or equilibrium-reduced
ratios for PBS-incubated or ChABC-treated samples. For micro-
scale deformation, enzyme treatment did not alter local-matrix-
based strain and rotation values (i.e., no differences when
comparing samples before or after treatment); as expected, all
samples exhibited increased local-matrix-based strain and rotation
at greater strain levels (Fig. 8).

Fig. 4 Peak (a) and equilibrium (b) stresses for control
(untreated) samples increased at larger strain steps, but were
not significantly different across three SST regions; inset
shows three regions (M 5 medial; A 5 anterior; P 5 posterior) in
SSTs (mean 6 SD)

Fig. 5 Averaged stress–time curves of SST samples from anterior (A), posterior (P), and
medial (M) regions after PBS incubation and ChABC treatment, normalized by corresponding
peak stresses from the 0.24 strain step of mechanical test conducted before incubation or
treatment. Samples subjected to ChABC treatment showed larger decreases in stress than
samples following PBS incubation. Short solid and dashed lines show normalized peak
stresses for each group.
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4 Discussion

In this study, enzymatic treatment using ChABC successfully
depleted a large portion of GAGs, indicative of efficient PG deg-
radation, from human SST prepared for shear testing. Although
some of the measured values (e.g., peak/equilibrium stresses,
reduced stress ratios) were decreased for enzyme-treated samples,
there were no statistically significant differences between control
and treated samples for any of the mechanical test results or
measures of microscale deformation. These results agree with the

previous reports that GAG depletion from human ligament did not
change peak and equilibrium stresses at 0.25 compressive strain
and tensile stress at 0.4 or 0.6 strain [12,39]. Rat tail tendons in
tension also exhibited similar elastic modulus, failure stress, and
failure strain before and after GAG depletion [26,27]. Given (1)
the considerable heterogeneity within individual SSTs including
particularly heterogeneous collagen organization and modes of
deformation observed at different locations of a single SST region
(Fig. 2), (2) the inherent variability across tendons from different
donors including a particularly noticeable variation of GAG

Fig. 6 Group peak stresses (a), equilibrium stresses (b), and stress relaxation percent (c) showed moderate changes at
increasing strain steps, but were similar before and after ChABC treatment (mean 6 SD)

Fig. 7 Larger absolute values of peak (a) and equilibrium (b) reduced ratios after ChABC
treatment compared to values following PBS incubation indicate that stresses decreased
more after ChABC treatment (mean 6 SD)

Fig. 8 Samples before and after ChABC treatment exhibit similar measures of microscale
deformation, namely local-matrix-based strain (a) and rotation (b) (mean 6 SD)

071013-6 / Vol. 139, JULY 2017 Transactions of the ASME



amount among different SSTs, and (3) the inability to fully
degrade all GAGs through enzyme treatment, it is possible that
some statistically significant results would emerge if more sam-
ples were evaluated and/or if more complete GAG degradation
could be achieved. Even with these considerations, the data pre-
sented in this study support the more likely conclusion that GAGs
have little to no role in the mechanical behavior of SST in shear
loading, and certainly do not serve as a key tissue constituent to
support shear.

Previous studies [10,12,14,16,26–28,39–42] on the mechanical
effect of GAGs in soft connective tissues have not always been
consistent, but have been somewhat dependent on specimen spe-
cies, types of soft tissues, loading modality and relative tissue
health. Consistent with our findings, human medial collateral liga-
ments, mouse Achilles tendons, and rat tail tendons did not exhibit
altered mechanical responses (i.e., stress, strain) in tension or
shear after GAG removal [26–29,39,41]. Other studies showed
that GAG-depleted mouse Achilles tendons had unchanged tensile
stiffness, but less microscale reorganization/realignment of colla-
gen fibers at low strains during tensile loading [23,40,42]. In con-
trast, injured equine superficial digital flexor tendons showed
increased elastic modulus and ultimate tensile strength under ten-
sile loading after GAG digestion [10,12,43]. Previous studies
showed that GAGs likely influenced mechanical properties of soft
tissues via distinct mechanisms under different loading scenarios,
although it remains challenging to explicitly address the specific
mechanical function of GAGs. Since highly electronegative
GAGs can inhibit water exudation and further cause interstitial
fluid pressurization, decreased compressive modulus of tissues
such as ligament and cartilage in compression after GAG degrada-
tion are most likely attributed to the interaction between PGs and
water [12,24]. For tendon, another proposed mechanism is that
GAGs function as a linking structure to bridge adjacent collagen
fibrils and provide load support in tension or shear [3]. Previous
experimental results from different tissues, which found no
change in mechanical properties after GAG digestion, cannot
completely reject this suggested mechanism, but provide no sup-
porting evidence [26,27]. One possibility is that the bond between
PGs and collagen fibrils is weak or slack at low applied strain
such that mechanical change due to GAG degradation in tissues is
unmeasurable at many of the levels that have been evaluated
experimentally [44]. Another possibility is that the influence of
GAGs on tendon mechanical behavior depends on applied strain
and fibril length relatively to GAG spacing, such that GAG deple-
tion will alter tendon mechanical behavior in tension only when
applied strain and the ratio of fibril length to GAG spacing are
high enough [45]. A final possibility is that GAGs do not play a
role in the tensile or shear mechanical response of tendon.

It is worth noting that a similar loading/analysis protocol was
adopted in our prior study to investigate the mechanical role of
another tissue constituent present in small quantities, namely elas-
tin [9]. Due to similar physical constraints of the experimental
setup, elastin was not fully removed after enzyme treatment; in
fact, less elastin was depleted than what was achieved for GAGs
in the present study [9]. Even still, SSTs were found to exhibit
statistically significant decreases in stresses in shear loading after
elastin degradation, particularly at low shear strains [9], similar to
a study by another group [13]. Taken together, these data suggest
that elastin, compared to GAGs, has a larger contribution to ten-
don mechanics in shear, further implying that GAGs should not be
considered as a key component to regulate tendon mechanical
behavior in shear.

As discussed in our prior study [9], high variability among
human cadaveric SSTs due to significant natural heterogeneity
and/or unknown level of age-related degeneration [9,34,35], as
well as incomplete digestion of GAGs following ChABC incuba-
tion, should be considered when interpreting the current results.
For example, previous studies reported higher concentrations of
collagen type II, aggrecan, and biglycan in the anterior and poste-
rior SST regions compared to the medial region, while decorin

and collagen type I did not have regional variability among differ-
ent regions [4,5]. Since the predominant PG in tendon is decorin,
this report agrees with our result that the three different regions
showed similar overall amounts of PGs and GAGs [3,5]. SST in
this study also exhibited GAG-rich pericellular matrix, similar to
what has been reported in cartilage, meniscus, and intervertebral
disk [25]. Pericellular matrix could transduce biochemical and
biomechanical signals to fibroblasts and simultaneously control/
protect them by serving as viscoelastic damper [25,46]. Nonethe-
less, even with these potential effects, our ChABC treatment did
not visibly alter SST collagen content and structure, but did
reduce GAG content, including within the pericellular matrix.

To resolve the limitation of incomplete GAG depletion from
tissues by ChABC treatment, genetically modified heterozygous/
knockout animal models have been adopted as another approach
for evaluation. Unfortunately, reports of the mechanical properties
of tendons from specific PG heterozygous/knockout mice (i.e.,
decorin, biglycan) have been inconsistent, and appear to be influ-
enced by tendon location, animal age, and loading protocol
[14–16,47]. These discrepancies could be partially due to (1) unin-
tended compensatory effects within tissues from these mice,
including ameliorated negative influence from increased expres-
sion of other PGs in response to the down-regulation of specific
targeted PGs, or (2) altered collagen fibrillogenesis due to
decreased PGs during development. A combination of experimen-
tal approaches may be best suited to address the contribution of
PGs and GAGs to tendon mechanics from different perspectives.
As illustrated above, by examining macro- and microscale
mechanical properties and deformation of ChABC treated SSTs
under shear loading with two-photon microscopy, GAGs were
found to minimally contribute to tendon mechanical behaviors.
This study is not only consistent with several previous studies on
the role of PGs and GAGs in tendon under tension [26,27,29,41],
but also provides complementary knowledge of GAG function in
nontensile (shear) loading.

5 Conclusion

Supraspinatus tendons showed only minor changes in mechani-
cal and microstructural properties after ChABC treatment to
remove GAGs. Heterogeneity of the relatively old donor tissues
that were evaluated and incomplete digestion of GAGs may par-
tially contribute to similarities between groups. Although these
results may not fully extend to younger tendons and/or tendons
following injury or repair, this study provides further evidence for
a limited role of GAGs in tendon mechanics, particularly when
subjected to shear loading.
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