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Abstract
Objective. To investigate GAG-ECM (glycosaminoglycan–extracellular matrix) interactions in different cartilage types. To
achieve this, we first aimed to determine protocols for consistent calculation of GAG content between cartilage types.
Design. Auricular cartilage containing both collagen and elastin was used to determine the effect of lyophilization on GAG
depletion activity. Bovine articular, auricular, meniscal, and nasal cartilage plugs were treated using different reagents to
selectively remove GAGs. Sulfated glycosaminoglycan (sGAG) remaining in the sample after treatment were measured,
and sGAG loss was compared between cartilage types. Results. The results indicate that dry weight of cartilage should
be measured prior to cartilage treatment in order to provide a more accurate reference for normalization. Articular,
meniscal, and nasal cartilage lost significant amounts of sGAG for all reagents used. However, only hyaluronidase was able
to remove significant amount of sGAG from auricular cartilage. Furthermore, hyaluronidase was able to remove over
99% of sGAG from all cartilage types except auricular cartilage where it only removed around 76% of sGAG. The results
indicate GAG-specific ECM binding for different cartilage types and locations. Conclusions. In conclusion, lyophilization
can be performed to determine native dry weight for normalization without affecting the degree of GAG treatment. To
our knowledge, this is the first study to compare GAG-ECM interactions of different cartilage types using different GAG
extraction methods. Degree of GAG depletion not only varied with cartilage type but also the same type from different
anatomic locations. This suggests specific structure-function roles for GAG populations found in the tissues.
Keywords
auricular, glycosaminoglycans, meniscus, nasal septal, proteoglycans

Introduction
Proteoglycans (PGs) are soluble macromolecules contributing to the integrity and homeostasis of cartilage. They are
composed of negatively charged sulfated glycosaminoglycan (sGAG) chains covalently attached to a protein core.1
PGs in cartilage can be divided into 2 main groups, aggregating PGs and nonaggregating PGs, based on their ability
to aggregate with the unsulfated GAG, hyaluronan (HA).1 It
is known that GAGs in articular cartilage contribute to viscoelastic properties.2 To investigate the effect of GAG content on mechanical properties of cartilage, GAG can be
selectively removed from the extracellular matrix (ECM)
and then the depleted tissue compared to native cartilage
tissue.2 Several protocols in literature are used to selectively
remove GAGs in cartilage, namely, chondroitinase ABC,
guanidine hydrochloride, and hyaluronidase (usually Hyal-4).
These 3 reagents facilitate the release of specific GAGs at

specific pH levels. Chondroitinase ABC is an enzyme that
degrades chondroitin sulfate by cleaving the GAG at disaccharide linkages, while digesting HA slowly at pH 8.3
Guanidine hydrochloride depletes both aggregating and
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Figure 1. (A) Three protocols used to investigate the effect of lyophilization on the degree of glycosaminoglycan (GAG) depletion
in cartilage. (1) Treatment prior to lyophilization. This is the most commonly used protocol in literature, (2) treatment following
lyophilization, and (3) treatment following lyophilization and rehydration. Wet weights of all the samples were measured at the
beginning, and posttreatment dry weights were measured at the end. Normalized weights (posttreatment dry weight/wet weight)
were compared to see the effect of lyophilization on the degree of GAG depletion in cartilage samples. (B) Protocol used to
determine the effect of treatment on mass loss. Pretreatment dry weight and posttreatment dry weights were measured and
compared to see the effect of treatment on dry weight of the cartilage samples.

nonaggregating PGs at pH 4.5.4 Hyaluronidase cleaves the
HA backbone, where PGs are attached, at an optimum pH
between 5.0 and 5.5.5 The degree of GAG depletion from
cartilage depends on several factors: shape and size of the
cartilage plug, the protocol used for treatment, and molecular and structural interactions between GAGs and other
macromolecules in the ECM.
There is literature2,6,7 to suggest that these interactions of
GAG with other ECM components may differ according to
cartilage type and anatomical location. For example, collagen fiber arrangement and PG content of articular cartilage
changes from its surface to the deep zone.8 Auricular cartilage has collagen and elastin fibers that are arranged in a
honeycomb-like structure.1 Furthermore, elastin fibers have
demonstrated specific ultrastructural association with PGs
in studies with bovine and chick aortas, possibly due to the
positive lysine groups in elastin fibers that can interact
with sGAG.9-11 Similar interactions are not mentioned for
auricular cartilage.
In previous studies on GAG removal (sulfated and unsulfated) from cartilage,2,6,12 sample wet weights are measured,
treated, washed, then lyophilized to obtain dry weight
(Fig. 1A-(1)). They are then biochemically analyzed to
determine sGAG content (using a 1,9-dimethyl methylene

blue [DMMB] assay13). Measured sGAG content is normalized by the dry weight determined following treatment
(posttreatment dry weight).2,6 However, this posttreatment
dry weight may be considerably different from the original
dry weight as a significant mass loss can occur during treatment. Control samples are lyophilized and dry weight measured directly (they do not undergo any treatment). We
hypothesize that this introduces errors when comparing control and experimental groups as the reference dry weights for
normalization are measured at different stages in sample
processing. Some studies use wet weight to normalize sGAG
content.14,15 However, if different cartilage types are studied,
using wet weights to normalize sGAG content introduces
other inaccuracies as water content differs between cartilage
types.2,16 Determining dry weight of samples prior to treatment (pretreatment dry weight) would ensure consistency of
dry weights used for normalizing sGAG content. However,
it is not known whether the degree of GAG depletion would
be affected by lyophilization, due to possible ECM physicochemical changes caused by removal of water during this
process.
We hypothesize that the interaction of GAGs and other
ECM macromolecules vary with cartilage type (i.e., hyaline, fibrous, and elastic) and anatomical location. In this
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study, we aim to investigate the differences of GAG-ECM
interactions in different cartilage types from different anatomical locations using selective GAG depletion with
either chondroitinase ABC, guanidine hydrochloride, or
hyaluronidase. Specifically, cartilage from tibial plateau
(articular hyaline), ear (auricular elastic), meniscus (meniscal fibrocartilage), and nose (nasal septum hyaline) were
investigated. To do this we first defined a protocol for cartilage GAG treatment that incorporates the native (or pretreatment) dry weight for sGAG content calculation. We
determined whether there is an effect of lyophilization on
the degree of GAG depletion, and in turn, determined
whether there is a significant mass loss in cartilage samples
due to GAG depletion.

Materials and Methods
Materials
Chondroitinase ABC, guanidine hydrochloride (50940),
and hyaluronidase IV-S (H3884) were purchased from
Sigma Aldrich (Castle Hill, Australia). Protease inhibitor
was purchased from Gibco Antibiotic-Antimycotic (Life
Technologies, New York). Unless indicated otherwise, all
other chemicals were purchased from Sigma Aldrich, Castle
Hill, Australia.

Sample Harvesting
To investigate the effect of lyophilization on GAG depletion, auricular cartilage containing both collagen and elastin
were used. Bovine ears were obtained from a 2- to 3-yearold animal from a local abattoir. Since all animals were
slaughtered for food purposes, ethical permission was not
required. Skin and perichondrium were removed. Forty-five
bovine auricular cartilage plugs (Ø5 × ~3 mm) were cored
and halved for investigating the effect of lyophilization on
GAG depletion (n = 90). A further 12 plugs (Ø5 × ~3 mm)
were cored for testing mass loss in cartilage samples after
GAG depletion (n = 12).
To investigate the effect of selective GAG treatment on
different cartilage types, bovine ears and stifle joints were
obtained from 6 animals aged 20 to 28 weeks and heads
from 6 animals aged 1 to 2 weeks. All samples were
obtained fresh at a local abattoir. Articular and meniscal
cartilage were obtained by dissecting tissues surrounding
the femoral and tibial condyles and the menisci. Nasal cartilage was obtained by dissecting the nasal septum.
Perichondrium layers were removed from nasal septum
and auricle. Cartilage plugs (Ø8 × ~2 mm) from articular,
auricular, meniscal, and nasal cartilage were cored (n = 42
per type). All samples were stored at −80°C until further
use.
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Preparation of Treatment Solutions
Chondroitinase ABC (0.1 U/mL) was prepared in buffer
base (50 mM Tris-base, 60 mM sodium acetate, 0.02% w/v
BSA, pH 8.0). A solution of 4 M guanidine hydrochloride
buffered in 0.05 M sodium acetate was prepared (pH 4.5 at
4°C), as described previously.4 Hyaluronidase (2000 U/mL)
was prepared by diluting hyaluronidase (4000 U/mL in 20
mM sodium phosphate, 77 mM sodium chloride, 0.01%
w/v BSA, pH 7.0) in phosphate buffer (3 M sodium phosphate, pH 5.35 at 37°C) in 1:1 ratio and resulting in a hyaluronidase solution with pH 5.35.

Lyophilization and Treatment
In order to investigate the effect of lyophilization on GAG
depletion, wet weight of the cartilage samples (n = 15/
group) was measured. Samples were treated with guanidine
hydrochloride using 3 different protocols (Fig. 1A): (1)
treatment prior to lyophilization (protocol generally used in
literature), (2) treatment following lyophilization, and (3)
treatment following lyophilization and rehydration. For
each protocol, control groups were treated with a corresponding blank solution (buffer solutions without the active
component).
Treatment was performed by incubating samples with 1
mL of guanidine hydrochloride for 24 hours, at 4°C on a
mechanical shaker at 850 rpm. Following treatment, samples were washed for 24 hours in 1% protease inhibitor in
deionized water at 4°C to remove any remaining reagent
from the sample. Samples were lyophilized over 16 hours at
−50°C and 0.005 mbar pressure (freeze dryer 2.5 L, −50°C
benchtop model, Labconco, Kanas City, USA) and weighed.
Posttreatment dry weight was normalized with wet weight.
For protocol 3, rehydration was performed by equilibrating
the sample in phosphate buffered saline (PBS) for 24 hours
at 4°C.
In order to determine the effect of treatment on mass
loss, 12 samples were lyophilized, and pretreatment dry
weights were measured (Fig. 1B). Cartilage plugs were
divided into 2 groups (n = 6 per group) for treatment with
guanidine hydrochloride active and blank solutions. After
washing, samples were lyophilized, and posttreatment dry
weights were measured.

GAG Treatment
To investigate the effect of selective GAG treatment on different cartilage types, cartilage plugs were halved: half for
treatment and sGAG measurement, and half for treatment
and histology. Samples from each anatomical location were
tested resulting in 7 groups per cartilage location (n = 6/
group): a control group and an active and blank group for
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each of 3 chemicals (chondroitinase ABC, guanidine hydrochloride, and hyaluronidase). The optimal protocol of the
previous 2 aims was used for sample dry weight determination. Reagents were prepared as described above and treatments performed in 1 mL of solution per sample for 24
hours. Chondroitinase ABC and hyaluronidase treatments
were performed at 37°C, while guanidine hydrochloride
treatment was performed at 4°C.

Biochemical and Histological Analysis
Following treatment, samples were incubated in 1% protease inhibitor for 24 hours to remove any residue of the treatment solutions. Samples were digested overnight at 60°C
by proteolytic enzyme, papain (1 mg/mL papain in 20 mM
monosodium phosphate monobasic monohydrate, 5 mM
ethylenediaminetetraacetic acid, and 2 mM dithiothreitol;
pH 6.8). Sulfated-GAG content was determined by DMMB
assay, as described previously.13 Absorbance was measured
at 520 nm using a microplate reader (Multiscan FC 357,
Thermo Fisher Scientific Instruments, Shanghai, China).
Shark chondroitin sulfate (C4384) was used as standard.
Measured sGAG content was normalized with pretreatment
dry weights.
For histology, cartilage sections were fixed in neutral
buffered formalin (4% formaldehyde, AMBER Scientific,
NBF-5L) overnight at room temperature, washed in PBS,
and transferred into 70% ethanol. Sections were processed
overnight using an automated tissue processor (Sakura
Tissue-TekVIP6, Olympus, Australia). Sections were dehydrated in series of ethanol solutions; in 90% (V/V) for an
hour, twice in 100% (V/V), 2 hours each and again in 100%
(V/V) for an hour. This was followed by clearing (2
exchanges in xylene, 2 hours each), and infiltration of wax
at 60°C; 3 exchanges, 1 hour each and 1 exchange of 30
minutes. Samples were then embedded in paraffin. Tissue
blocks were sectioned at 5 µm.
Hematoxylin and eosin staining (H&E) and Safranin-O
staining were carried out following standard protocols.
All histology slides were scanned with a slide scanner
(3D Histech, Panoramic SCAN II) with Carl Zeiss
Plan-Apochromat.

Statistical Analysis
In order to investigate the effect of lyophilization on GAG
depletion, one-way ANOVA was carried out to test significant differences (P < 0.05) between the existing and proposed protocols. To investigate mass loss with treatment,
dry weights before and after treatment were tested using a
paired Student’s t test (P < 0.05).
To investigate the effect of selective GAG treatment on
cartilage types, GAG content of native control and treated
groups were compared. A nonparametric statistical test,

Figure 2. Normalized weights (posttreatment dry weight/
wet weight). (1) Treatment prior to lyophilization, (2)
treatment following lyophilization, and (3) treatment following
lyophilization and rehydration. N = 15 per group, # indicates
P < 0.05.

Wilcoxon paired samples signed rank test, was used to identify significant differences (P < 0.05). All statistics were
performed with RStudio (V 4.2.3, R Core Team, Vienna,
Austria).

Results
Effect of Lyophilization on GAG Depletion
Investigation of the effect of lyophilization on GAG depletion with 3 protocols showed no significant effect on the
normalized weights (Fig. 2). All active groups showed significantly less GAG content compared to the corresponding
blank group indicating that the treatment has removed GAG
from both lyophilized and fresh samples. This suggests that
there is no significant GAG depletion due to lyophilization
alone or lyophilization following rehydration when compared to the fresh treatment of the cartilage samples.

Mass Loss from Treatments and Protocol
Selection
The actively treated group had a significantly higher mean
pretreatment dry weight (±SD) of 9.12 ± 1.84 mg compared to a posttreatment dry weight of 8.22 ± 1.96 mg. The
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blank group did not show a significant difference between
pre- and posttreatment dry weights (11.27 ± 1.90 mg and
11.13 ± 2.00 mg, respectively). This indicates that removal
of GAG changes the dry weight of the cartilage samples
significantly and is not an appropriate reference for
normalization.
Due to no effect of protocol—that is, protocols 1, 2, and
3 in Figure 1—on GAG depletion, and a significant mass
loss from treatment, the protocol measuring the dry mass of
lyophilized samples prior to treatment 2 is recommended.
Thus, in the subsequent experiment investigating selective
GAG depletion treatment, dry weights were measured prior
to treatment to avoid confounding results when comparing
controls and treated groups.

Effect of Selective GAG Depletion Treatment on
Different Cartilage Types
In articular cartilage (Fig. 3a), all active groups resulted in
lower sGAG content than the control group. However, only
the guanidine hydrochloride active and hyaluronidase
active groups were statistically significant when compared
with the corresponding blank groups. In auricular cartilage
(Fig. 3b), the hyaluronidase active group showed significantly less sGAG content compared to both blank and control groups. With every other GAG extraction treatment of
auricular cartilage, sGAG loss was not significant compared to the control group or corresponding blank group.
In meniscal cartilage, all 3 reagents, chondroitinase
ABC, guanidine hydrochloride, and hyaluronidase, resulted
in significant loss of sGAG content compared to the control
group and corresponding blank groups (Fig. 3c). In nasal
cartilage (Fig. 3d), all active and blank groups lost significant sGAG content compared to the control, except chondroitinase ABC blank group. In addition, every active group
showed significantly less sGAG content than the corresponding blank group.
Hyaluronidase resulted in over 99% sGAG loss in all the
cartilage types tested except in auricular samples. Auricular
samples treated with hyaluronidase contained on average
19 ± 17 µg/mg sGAG (i.e., approximately 24% of the
sGAG content of the control group), which indicates that
hyaluronidase was not successful in completely removing
sGAG.

Histology
No changes to ECM structure were seen on H&E staining in
articular, meniscal, and nasal cartilage samples following
treatment (Supplementary Fig. S1 A(iii-vii), C(iii-vii),
D(iii-vii)) compared to control (Supplementary Fig. S1 A(i,
ii), C(i, ii), D(i, ii)) and blank samples (Supplementary Fig.
S2 A(i, ii, iii), C(i, ii, iii), D(i, ii, iii)). In auricular cartilage,
all active group samples showed ECM discontinuities due
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to disruption of elastin fibers (Supplementary Fig.
S1(iii-vii)).
Articular, auricular, and nasal control samples showed
intense red Safranin-O staining indicating presence of high
GAG content (Fig. 4A(i, ii), B(i, ii), and D(i, ii)), respectively, which was reduced for samples after treatment
(Fig. 4A(iii-viii), B(iii-viii), and D(iii-viii)). Confirming
the high sGAG content measured by DMMB for chondroitinase ABC and guanidine hydrochloride active groups of
auricular cartilage, red staining was intense indicating the
presence of GAG even after treatment (Fig. 4A(iii-vi)).
Absence of red staining in articular, meniscal, and nasal
samples treated with hyaluronidase indicates complete
GAG loss (Fig. 4A(vii, viii), C(vii, viii), D(vii, viii)).
These results mirror the DMMB results for hyaluronidasetreated articular, meniscal, and nasal groups (Fig. 3a, c, d),
which show almost complete sGAG loss. Some reddish pink
color observed in the auricular samples (Fig. 4B(vii, viii))
indicate the presence of GAG after active hyaluronidase
treatment. The low GAG content in meniscal cartilage
measured by DMMB was confirmed by histology, where
blank samples have little staining compared to other cartilage types (Fig. S3 C(i-iii)). A light red to pink staining in
meniscal samples was concentrated along the collagen
fibers (Fig. 4C(i)), indicating association of GAG with collagen fibers. This staining was also present after chondroitinase ABC and guanidine hydrochloride treated samples
(Fig. 4C(iii-vi)). Only hyaluronidase-treated meniscal cartilage did not show any pink staining associated with collagen fibers (Fig. 4C(vii, viii)). Overall, GAG loss patterns
measured by DMMB were confirmed by histology.

Discussion
This study aimed to investigate GAG-ECM interactions in
different cartilage types from different anatomical locations
using selective GAG depletion with chondroitinase ABC,
guanidine hydrochloride, or hyaluronidase. To do this we
first defined a protocol for cartilage GAG treatment that
incorporates native (or pretreatment) dry weight for sGAG
content calculation, in order to avoid confounding results
when (1) comparing different GAG treatments where some
are already known from literature to have an effect on tissue
mass and (2) comparing cartilage tissues which are known
to have different amount of water. Results showed that the
degree of sGAG loss varied according to cartilage type and
reagent used. Articular and nasal samples showed similar
pattern of sGAG loss for the reagents used, while auricular
and meniscal samples were less affected. This protocol was
then used for the subsequent GAG treatment study.
To develop this protocol, we demonstrated that lyophilization has no effect on the degree of GAG depletion. In
current literature only fresh (or fresh frozen) sample treatment are described, and dry weights are measured after
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Figure 3. Sulfated glycosaminoglycan (sGAG) content of the bovine (a) articular, (b) auricular, (c) meniscal, and (d) nasal cartilage
samples after enzymatic treatments. N = 6/group, * indicates P < 0.05 compared to the control group, # indicates P < 0.05
compared to the corresponding blank group. GdnHCl = guanidine hydrochloride. NB. Y-axis range is different for each plot due to
large differences between cartilage types. Pretreatment dry weights were used to normalize the sGAG contents.

treatment.2,6,12 Furthermore, GAG depletion can cause a
significant dry mass loss in samples, and posttreatment dry
weight does not reflect the original dry weight of the cartilage. Use of posttreatment dry weight for normalizing

results is less accurate than pretreatment dry weight. This
affects interpretation of results, particularly when comparing experimental groups with the control which did not
undergo treatment. Results showed that the reagent’s ability
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Figure 4. Histological Safranin-O staining of cartilage ECM (extracellular matrix). Control and actively treated cartilage samples for
(A) articular (deep zone), (B) auricular, (C) meniscal, and (D) nasal cartilage indicating presence of sulfated glycosaminoglycan (sGAG;
pink/red). Row (i, ii) native control, (iii, iv) chondroitinase ABC active, (v, vi) guanidine hydrochloride active, and (vii, viii) hyaluronidase
active. Black arrow heads indicate alignment of sGAG with collagen content in meniscal cartilage.

Rathnayake et al.
to deplete the targeted components (GAG in this case) is not
affected by initial water content (i.e., whether it is hydrated
or lyophilized). Lyophilizing the sample before treatment
allows measurement of original dry weight, which is
referred to as “pretreatment dry weight.”
Using pretreatment dry weight has an advantage over
wet weight, which can be unstable and may vary during
sample handling. In addition, water content of different cartilage types varies,2 making it less accurate for comparing
cartilage constituents in different types. We recommend
using pretreatment dry weight to improve the precision of
the results. For example, dry weight basis may also be used
to express the content of other components such as collagen
and elastin in addition to sGAG. Additionally, when comparing native and tissue-engineered cartilage constructs,
dry weight might be a reliable normalizing parameter as
water content in tissue engineering products could vary significantly from native tissues.
Chondroitinase ABC removed twice as much sGAG
(with respect to corresponding blank group) from nasal cartilage (~57%) compared to articular cartilage (~23%),
which are both hyaline cartilages. For the other 2 reagents
(guanidine hydrochloride and hyaluronidase) both articular
and nasal cartilage showed similar sGAG percentage losses.
This suggests the availability of more chondroitin sGAG
chains that decorate the PGs are available in nasal cartilage.
However, this may also be due to lower collagen content in
nasal cartilage, which allows chondroitinase ABC to reach
chondroitin sulfate chains more easily than in articular cartilage. Collagen content of nasal cartilage is reported to be
~25% to 40% of the dry weight, whereas collagen comprises 60% to 80% of dry weight in articular cartilage.17 In
both articular and nasal samples, some sGAG loss was seen
even in blank groups, indicating sGAG was easily removed
even without an active reagent. This could be due to weak
attachment of GAG with the rest of the ECM, allowing
them to leach into the buffer solutions. The effect of
mechanical shaking during treatment and washing may also
exacerbate sGAG loss. However, significant GAG depletion was not seen in blank groups of auricular and meniscal
cartilage, which underwent the same protocols.
Hyaluronidase was successful in removing over 99% of
sGAG in articular, meniscal, and nasal samples but failed to
remove all sGAG from auricular samples. Our results for
hyaluronidase treatment of articular and auricular samples
match those of Nimeskern et al.2 This was further validated
by Safranin-O staining seen in the respective samples.
Hyaluronidase cleaves the hyaluronan backbone where PGs
are attached. It also attacks chondroitin sulfate.18 This
behavior of auricular samples could be due to the additional
elastin meshwork available in the auricular ECM, as elastin
has positive lysine amino groups, enabling it to bind to negatively charged sGAG.19 Mallinger et al10 have shown GAG
in human auricular cartilage has a higher sulfate content
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compared to GAG from nasal cartilage. Safranin-O staining
results of this study support their results as auricular samples have shown intense red color, Figure 4B(i). In addition, elastin fibers in bovine and chick aortas have shown
specific ultrastructural attachment to the heparan sulfate
PG.9,11 This suggests that similar interactions could be
expected in auricular cartilage. In fact, the specific PG or
GAG expression of auricular cartilage is not available in
literature to further explain the results. Therefore, identification of types of sGAG in auricular cartilage is required.
Safranin-O staining results further validated GAG loss
patterns observed with DMMB. The intensities of the red
color which correspond to the presence of GAGs varied
between the groups indicating variable GAG losses. The
staining of meniscal samples which aligned with collagen
fibers could be due to GAG chains present in aggrecan.
Aggrecan is known to be associated with the radial collagen
fibers seen in meniscal cartilage.20 H&E staining did not
show any visible structural distortion in articular, meniscal,
and nasal samples due to treatments. This indicates that
reagents have selectively acted on GAGs in cartilage without distorting the collagen. However, the disruption of elastin fibers was seen in actively treated auricular samples. It is
possible that GAG has a specific role in maintaining elastin
fiber structure in auricular cartilage. However, such roles of
GAGs in auricular cartilage have not been investigated in
literature.
The effectiveness of treatment protocols may have been
affected due to sample thicknesses and age. It is hard to
achieve precise sample thickness. Sample thicknesses in
this study were approximately 3 mm. However, 24-hour
prolonged treatment with continuous shaking was used to
mitigate the effect of the thickness to give enough time for
all reagents to diffuse into the ECM. Nasal cartilage samples were from young bovine (1-2 weeks) and other cartilage types were obtained from 20- to 28-week-old animals.
It is known that the cartilage ECM composition changes
with age.16 Therefore, these results may not reflect the
GAG-ECM interactions of nasal cartilage of similar-aged
animals as articular, auricular, and meniscal cartilage.
Furthermore, cartilage growth will not have reached maturity and these samples would include growth cartilage. The
results observed in this study would likely differ for mature
cartilage samples.
Existing literature uses enzymes or other reagents to
extract sGAG from cartilage to evaluate sGAG or to evaluate biomechanical behavior of cartilage without sGAG.
This is the first study, to our knowledge, where GAG
depletion of different cartilages types was compared to
explain sGAG-ECM interactions. Currently, GAG types
in articular cartilage are well-described.21-23 However,
such data are not explicitly available in literature regarding other cartilage types. Moreover, the interaction of
sGAG with ECM is largely unknown. Thus, there is a need
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for investigations focusing on sGAG-ECM macromolecule interactions in different cartilage types to assess their
influence on cartilage mechanobiology. The first step in
understanding these interactions is to identify GAG types
present in each cartilage type and location. Their spatial
arrangement can be then studied with fluorescent labelling
of GAG types.24 Understanding these sGAG-ECM interactions in other cartilage types will be beneficial for cartilage tissue engineering, highlighting required biological
features in engineered products to improve mechanical
performance.
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Conclusion
In conclusion, the results of this study show that dry weight
of cartilage should be measured prior to cartilage treatment
in order to provide reference dry weight for normalization.
For future studies where it is required to cleave GAG and
various macromolecules from cartilage, lyophilization can
be performed initially to determine the native dry weight
without affecting the degree of treatment. Degree of GAG
depletion not only varied with cartilage type but also cartilage of the same type from different anatomical locations.
The variation in degree of GAG depletion among the different types of cartilage using different reagents indicates different interactions in the ECM that are specific to the GAG
populations found in these tissues. This suggests specific
structure-function roles for both cartilage type and location
of GAG populations found in the tissues.
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