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Collagen Fibril Strain, Recruitment and Orientation for
Pericardium under Tension and the Effect of Cross Links

Hanan R. Kayed,® Nigel Kirby,b Adrian Hawley,b Stephen Mudie,b and Richard G. Haverkamp,®

The structural response of collagen fibrils in pericardium and other tissues when subjected to strain and the effect of cross
linking on those structural changes are not well understood. Specifically, there is uncertainty about whether natural cross
links of glycosaminoglycan (GAG) and synthetic cross links of glutaraldehyde have a mechanical function. Bovine
pericardium was treated either with chondroitinase ABC to remove natural cross links or with glutaraldehyde to form
synthetic cross links. The collagen fibril orientation index (Ol) and D-spacing was measured on pericardium subjected to
strain using synchrotron-based small angle X-ray scattering (SAXS). Under strain the collagen fibrils become much more
oriented in the direction of the strain, with Ol increasing from 0.25 to 0.89 in chondroitinase ABC-treated material, 0.22 to
0.93 in native material, and 0.22 to 0.77 in the glutaraldehyde-treated material. The proportion of fibrils that are recruited
during stress varies from 36% in chondroitinase ABC-treated material, 12% in native material, to 45% in the
glutaraldehyde-treated material. The increase in D-spacing shows the individual fibrils are strained in chondroitinase ABC-
treated material by 2.4% on average or 4.6% for those in the direction of applied strain, in native material, 2.7% and 4.1%,
respectively, and in the glutaraldehyde-treated material, 3.2% and 6.4%, respectively. Glutaraldehyde cross links are,
therefore, shown to constrain the collagen fibrils and link them together mechanically. GAGs do not have such a marked
mechanical effect; contrarily, the nature of internal structural responses to strain suggests that GAGs may have a
lubricating rather than a binding effect.

spacing, linking fibrils together in natural tissue *7 These

The collagen | molecule assembles with a complex hierarchical
structure and is a major extracellular matrix component in a
multitude of animal structural tissues including pericardium,
tendon, cornea, lung and skin. The responses to stresses
imposed on collagen materials has been widely studied with
the aim of understanding what and how components of
collagen play a role in its mechanical properties, both at the
macroscopic and microscopic levels.

Collagen materials can be stiff, flexible or extensible,
depending on the required function in the body. For example,
tendons and ligaments are crucial to joint movement, enabling
force transmission and are therefore required to be flexible
and have high tensile strength. The mechanical properties of
collagen are due in part to its highly fibrillar nature L2 and its
ability to respond to stresses 3. However, it has also been
suggested that the cross links between collagen fibrils
contribute to the mechanical properties of collagen materials.

Proteoglycan bridges are considered to form shape
modules, and are found in the gap regions of collagen fibril D-
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proteoglycan bridges are elastic and predominantly of
decoran, containing the glycosaminoglycan (GAG)
dermochondan sulfate ®°.

The role of GAGs in the mechanical response of collagen
tissues to stress is contested. Among those who consider the
role of GAGs to be significant, there are divided opinions on
how these cross links function under tension. Some believe
GAGs act as force-sharing elements, transferring shear forces
via their connections to the collagen fibrils, allowing fibril
stretching and restricting sliding 10, whilst others propose the
hydrophilic nature of GAGs facilitates fibril sliding " How
GAGs might transmit forces between fibrils so that the fibrils
resist the sliding forces has been modelled 1216 The energy
absorbed by enthalpic transformations in specific GAGs such as
dermochondan sulfate can be significant %17,

Experimental studies of the changes in collagen’s
mechanical properties resulting from the depletion of the
natural GAG content by the application of chondroitinase ABC
have highlighted the differences in results and opinions. On
one hand the tensile elastic modulus of mouse tendon was
found to be reduced over much of the stress—strain curve
when GAG content was lowered, while the ultimate tensile
force and ultimate stress for the tendon were relatively
unchanged 1118 However, other work has found no altered
mechanical properties in tendon resulting from the removal of
GAGs ™ ' 2° Natural cross linking of collagen in connective
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tissues increases with age due to glycation and older tissues
have been shown to have higher stiffness; therefore, a causal
link has been proposed between cross links and stiffness 2

Synthetic cross links can also be introduced; glutaraldehyde
is commonly used as a cross-linking agent, particularly in
materials for biological heart valve replacements, forming both
inter- and intra-molecular cross links between collagen fibrils
224 A with GAG cross links, there is debate as to the resulting
mechanical properties of collagen tissue treated with
glutaraldehyde. Such treatment of bovine pericardium has
been reported to result in a less extensible and stiffer material
which is stronger than the untreated material 25,26 Contrary to
these findings, others have observed an increase in
extensibility upon glutaraldehyde treatment 22 27,
ultimate tensile strength 27, no changes to ultimate tensile
strength 22 and increases in elastic modulus > %,

Cross linking of collagen may affect the arrangement of the
collagen fibrils. Glutaraldehyde treatment has been shown to

reduced

result in a less highly oriented material whereas the removal of
. The
arrangement of collagen fibrils, particularly the extent to
which the fibrils are well oriented, is an important determinant
of the strength of collagen materials. The structure—function
relationship between collagen orientation and its mechanical
properties has been determined for a range of tissue types 30-
3 The orientation of collagen measured in-plane has been
shown in a range of mammal skins processed to leather to be
correlated with strength 3. 3% A useful method of
quantitatively measuring this structural arrangement of
collagen fibrils is small angle X-ray scattering (SAXS) 30,31,35,36

Here, we investigate the structural response of collagen
cross linked by glutaraldehyde or GAGs to applied strain and
stress to add to the understanding of the mechanical function,
or lack of mechanical function, of these cross links. Bovine
pericardium is used as a suitable model material for this study.
Bovine pericardium has an established use for heart valve
leaflet replacement 3 and the effect on the mechanical
properties of this material by the removal of GAGs has been
investigated 29,38

GAGs does not have a significant modifying effect

2. Methods

2.1 Fresh pericardium samples

Fresh bovine pericardium was obtained from Southern Lights
Biomaterials and stored in phosphate-buffered saline (PBS)
solution (Lorne Laboratories Ltd). The tissue was rinsed briefly
in PBS solution, and then cut into rectangles approximately
45-50 x 15 mm, with the long axis taken from the long axis of
the heart. The pericardium was washed for 24 h in a 1%
octylphenol ethylene oxide condensate (Triton X-100, Sigma),
0.02% EDTA solution made up in PBS. This washing step was
conducted under constant agitation at 4 °C. The samples were
then rinsed in PBS buffer and stored in PBS. Samples in this
state are referred to as “native”. Subsequent processing of this
material produced glutaraldehyde-treated or chondroitinase
ABC-treated material. All samples were taken from one

2 |RSC Adv., 2015, 00, 1-3

pericardium and
method.

randomly assigned to each treatment

2.2 Glutaraldehyde treatment

The native pericardium was incubated in a 0.6%
glutaraldehyde solution made up in PBS buffer at 4 °C for 24 h
¥ It was then stored in a sealed
container in a solution of the same composition for 12 days,
before being and stored in PBS SAXS
measurements were performed. The total time in storage was

approximately 18 days.

with constant agitation

rinsed until

2.3 Chondroitinase ABC treatment

Removal of GAG cross links was based on the method
described by Schmidt et al. (1990). The native pericardium was
incubated in 0.125 units of chondroitinase ABC per ml of
buffer solution comprising of 0.05 M tris-HCI, 0.06 M sodium
acetate and EDTA-free protease inhibitors (complete, EDTA-
free protease inhibitor tablets, Roche Diagnostics, Mannheim,
Germany) at approximately 27 °C for 24 h before rinsing and
storing in 0.05 M tris-HCl and 0.06 M sodium acetate buffer in
a sealed container at 4 °C for 12 days. The samples were then
rinsed and stored in PBS until SAXS measurements were
performed. The total time in storage was approximately 18
days.

Care was taken with all handling, cutting and treatment of
the samples not to stretch the material as this might cause
fibril alignment to change.

The data here represents a duplication of this experiment
(on a different pericardium) with additional care taken in
sample selection and handling in the second set of samples
and SAXS analysis informed by the experience from the initial
experiments. However, one portion of the initial data, that for
fibril recruitment, is included (in section 3.5).

2.4 GAG assay

An assay for sulfated GAGs was performed in triplicate for
each of the sample treatments. GAGs were extracted with 1 ml
extraction reagent consisting of a 0.2 M sodium phosphate
buffer at pH 6.4, containing 8 mg/ml sodium acetate, 4 mg/ml
EDTA, 0.8 mg/ml cysteine HCl and 0.1 mg/ml papain enzyme
(Carica papaya, Sigma, Biochemika, Enzyme no. 3.4.22.2). Each
pericardium sample was incubated at 65 °C for 26 h. These
samples were centrifuged and the supernatant containing the
extracted GAGs collected. The concentration of GAGs in
solution Sulfated
Glyscosaminoglycan Assay kit (Bicolor, Carrickfergus, UK).
GAGs were precipitated with 1 ml of dye reagent to 20 or 40 pl
of supernatant diluted to 100 pul, mechanically inverted for 30
minutes, and then centrifuged. The unbound dye was drained
off and 1 ml of Blyscan dissociation reagent was added to the
precipitate, left to dissolve for approximately 10 minutes, and
centrifuged. Absorbance was measured at a wavelength of 656
nm and compared with a standard curve of Chondroitin 4-
sulfate GAG reference standard (Biocolor, UK).

was determined with a Blyscan

This journal is © The Royal Society of Chemistry 2015
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2.5 SAXS analysis

The rectangles of pericardium were removed from the PBS
solutions in which they were stored, mounted and their
diffraction patterns recorded while the pericardium was wet.
All diffraction patterns were recorded at room temperature.

Diffraction patterns were recorded on the Australian
Synchrotron SAXS/WAXS beamline, utilizing a high-intensity
undulator source. Energy resolution of 10 (e.g. 1 x 10 A for 1
A radiation) was obtained from a cryo-cooled Si(111) double-
crystal monochromator and the beam size (FWHM focused at
the sample) was 250 x 80 um, with a total photon flux of about
2 x 10" ph/s. All diffraction patterns were recorded with an X-
ray energy of 12 keV using a Pilatus 1M detector with an active
area of 170 x 170 mm and a sample-to-detector distance of
3371 mm. Exposure time for diffraction patterns was 1 s and
data processing was carried out using the software
scatterBrainAnalysis V2.71 0

Orientation index (Ol) is used to give a measure of the
uniformity of fibril orientation (an Ol of 1 indicates the fibrils
are parallel to each other; an Ol of 0 indicates the fibrils are
randomly oriented). Ol is defined as (90° — OA)/90°, where OA
is the minimum azimuthal angle range that contains 50% of
the fibrils, based on the method of Sacks for light scattering 4
but converted to an index 33, using the spread in azimuthal
angle of one or more D-spacing diffraction peaks. The peak
area is measured, above a fitted baseline, at each azimuthal
angle.

One chondroitinase ABC-treated sample and two of each
native and glutaraldehyde-treated samples were tested. Six
diffraction patterns were recorded at different positions across
the samples following every stretch. From each scattering
pattern the Ol and D-spacing were calculated from the
azimuthal spread of the 5th and 9th order collagen diffraction
peaks (at around 0.05 A™' and 0.09 A™, respectively) and
averaged where there were single diffraction peaks. For those
diffraction patterns displaying peak splitting and/or double
peaks, the 9th order diffraction peak was used to calculate Ol
and D-spacing. For some of the glutaraldehyde-treated
samples, the 9th order peak became very complex at higher
strains and background intensity could not be identified and
subtracted; in such cases, the 5th order diffraction peak was
used to determine Ol and D-spacing. The portion of fibrils
experiencing higher (larger D-spacing) was
determined using the intensities of these split/double
diffraction peaks as intensity is proportional to the quantity of
collagen fibrils involved in diffraction.

stresses

3. Results

3.1 GAG removal by chondroitinase ABC treatment

Chondroitinase ABC treatment removed 81% of GAGs initially
present in native pericardium (from 0.90 ug GAGs/mg tissue to
0.17 pg/mg). Pericardium treated with glutaraldehyde had a
similar GAG content to the native material (0.85 pg/mg). The
GAG content of the chondroitinase ABC treated material was

This journal is © The Royal Society of Chemistry 2015

statistically significantly lower than the other two materials
(Fig. 1).
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Fig. 1. Assay results for the GAG content of the three materials studied here
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0.0

0.4
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Fig. 2. Stress—strain curves for the pericardium after three different treatments, while
under increasing tension during the SAXS measurements: (e, ____, blue)
chondroitinase ABC treated, (¥, — — —, black) native, (m, == , red) glutaraldehyde
treated.

3.2 Tensile Properties

Stress—strain curves were recorded on the samples being
progressively strained during the SAXS measurements (Fig. 2).
The stress-strain curves obtained are typical for collagen,
showing a foot region and linear regionzs. While the stress—
strain curves are on small samples, and may therefore not give
a representative measure of the mechanical properties to be
expected of bulk samples of these materials, these curves are
important in the context of the structural analysis during strain
of these tissues presented in the body of this work. However,
in a previous report we found the ultimate tensile stress was
highest for glutaraldehyde-treated pericardiung. Other
studies of glutaraldehyde treatment of bovine pericardium
have reported that this material is stronger than the untreated

RSC Adv., 2015, 00, 1-3 | 3
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Fig. 3. A series of typical scattering patterns of native pericardium subjected to a) no strain; b) strain of 0.18; c) strain of 0.45.

._125, 26
material

although there is a wide variety of opinions
regarding changes to other mechanical properties with

glutaraldehyde treatment®>?”%,

3.3 SAXS

The pericardium scattering patterns had clearly defined
diffraction rings due to the D-spacing periodicity (Fig. 3). When
the tissue was not under strain, these rings were of almost
uniform intensity around the circle (Fig. 3a), but as the samples
were subjected to more strain, the rings subtended a smaller
azimuthal angle (Fig 3b, c). This was a result of the fibrils
aligning in the direction of strain. Also, the central region of
the pattern elongated at 90° to the direction of the diffraction
rings. (This central region is the low q part of the pattern and
represents scattering from the collagen fibril diameter, which
is at right angles to the d-banding.) Another feature of the
scattering patterns of pericardium under strain was the
shifting of the D-spacing scattering angle, particularly of those
fibrils aligned in the direction of the strain. This shift is seen as
a protuberance on the inside of the diffraction ring but is more
readily seen on the integrated intensity plots (Fig. 4). In these,
the splitting of the D-spacing into multiple peaks or a broad
peak is more apparent at higher diffraction orders. The odd-
numbered peaks have a much higher intensity than the even-
numbered peaks, a characteristic attributed to a fully hydrated

42
sample ™.

3.40I

The distribution of fibril orientation is measured from a plot of
the intensity (we use the peak area) of any of the collagen
diffraction peaks (Fig. 5). A narrow peak in this plot is
indicative of more highly aligned collagen fibrils whereas a
broader peak indicates a more isotropic arrangement. This can
be quantified as the orientation index, Ol.

Both the Ol and the D-spacing can be visualized in a three-
dimensional plot (Fig. 6), where the D-spacing of fibrils in a
given direction can be seen more clearly.

4 |RSC Adv., 2015, 00, 1-3

Log1q Intensity
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Log1q Intensity
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Fig. 4. Representative integrated scattering patterns of pericardium subjected to
varying levels of strain: no strain ( , blue); 18% strain ( , red); 45% strain (-----
, black). The sharp peaks are due to diffraction of the D-spacing (at different orders)
and the peaks split at higher strain. The top image is for a 5° azimuthal angle segment
in the direction of strain, the bottom image if for a 5° azimuthal angle segment normal

to the direction of strain.

This journal is © The Royal Society of Chemistry 2015
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3.5 Changes to structure during strain

Initially, the pericardium exhibited little physical resistance to
the strain (the stress was low), and there was little change in
the D-spacing (Fig. 7). During this period, however, there was a
large change in the Ol. The change in Ol at this stage of the
tensile testing can be attributed to a combination of crimp
straightening and re-orientation of the collagen fibrils towards
the direction of strain. The D-spacing increase represents the
stress on individual fibrils and this increased in tandem with
the increasing stress on the whole tissue. (Note that the
increase in D-spacing can arise either from the direct
stretching of the collagen molecules in a fibril, so that the
relative lengths of the overlap and gap regions remain
constant, or from the sliding of the collagen molecules past
one another, so that the relative length of the gap and overlap
regions change. Or the increase can arise from a combination
of the two. The mechanism of D-spacing change was not
measured here, includes the
possibilities of both mechanisms.) Not all fibrils experienced

so D-spacing in this work
the same stress: the fibrils in line with the direction of applied
strain experienced greater stress and underwent a greater
change in D-spacing until there were two distinct diffraction
peaks for D-spacing at different angles. At the point when
these two distinct D-spacings could be identified, the split
diffraction peaks were fitted individually to obtain both Ol and
D-spacing, and were plotted in Fig. 7 in the high-strain portion
of the plot.

While the behaviour for all three samples types was
broadly similar there were some differences. All three
materials have a portion of fibrils that are highly strained and
highly oriented. In the glutaraldehyde-treated material, this
portion (which can be called “recruited fibrils”, i.e. fibrils that
participate in absorbing the stresses) was higher (Table 1) and
the stress experienced by these fibrils was greater (evidenced
in the D-spacing in Fig. 7), followed by chondroitinase ABC-
treated material and finally native material.

This journal is © The Royal Society of Chemistry 2015
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3.6 Comparison of Ol between treatments with increasing strain

As the pericardium was strained, the fibrils reoriented to line
up in the direction of strain, as reflected in the lowering of the
Ol. However, changes in sample Ol varied among the
treatments (Fig. 8), with the maximum Ol achieved being
highest for native pericardium, slightly less for the GAG-
depleted pericardium and lowest for the glutaraldehyde-cross
linked pericardium. The recruited fibrils were all highly
oriented as expected ® whilst the remaining non-recruited
fibrils less aligned in the
glutaraldehyde-treated pericardium than in the native or
chondroitinase ABC-treated tissue (Fig. 8b and 8c, respectively)

in the collagen matrix were

800

Scattering Intensity
B
]

(b)

2 3000
w
=
8
£ 2000
o
£
% 1000
Q 0.050
wn
0.048
9 g
90 0.046 o
0.044 6}%
3

fmuthal Ang o ¢ -90

Fig. 6. Three-dimensional representation of an example scattering pattern of a) native
pericardium at a strain of 0.45; b) chondroitinase ABC-treated pericardium at a strain of
0.69, where both the fibril orientation (from the azimuthal angle axis) and the D-
spacing shift (from the radial q axis) can be visualized. Only the azimuthal range —902 to
902 is represented as the remaining range is a duplication of this information and only a
small portion of the radial angle is displayed representing one D-spacing diffraction
peak.
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Fig. 7. Changes in Ol and n D-spacing as pericardium was subjected to increasing strain for each of the treatment types: a,b) chondroitinase ABC treated; c,d) native; e,f)

glutaraldehyde treated, where m, , black: stress: o,

fibril Ol or D-spacing.

3.7 Comparison of fibril strain with stress

As stress is applied to pericardium, this stress is transmitted to
the individual collagen fibrils. This results in an extension of
length of the fibrils which can be directly measured by the D-
spacing change. The D-spacing change, therefore, acts as an
internal strain gauge 2% There was a significant variation in

6 |RSC Adv., 2015, 00, 1-3

, blue: weighted sum Ol or D-spacing; ¥, ———, red: non-recruited fibril Ol or D-spacing; A,

, green: recruited

the internal strain placed on the collagen fibrils between
treatments. Collagen fibrils in the glutaraldehyde-treated
materials experienced the greatest strain for a given sample
stress, with the chondroitinase ABC-treated material
experiencing the least, and native pericardium intermediate
between these for the analysis of all the fibrils (Fig. 9). Of
those fibrils recruited into stretching, those of native and

This journal is © The Royal Society of Chemistry 2015
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Table 1. Recruitment of fibrils during stretching

% Fibrils Recruited to Stretching

(Duplicate pericardium

Pericardium Treatment measurements) (from Fig. 6) Average
Glutaraldehyde 37.9 52.1 45.0
Native 13.1 10.9 12.0
Chondroitinase ABC 37.4 33.7 35.6

1.0

oy ————y——

(a)

Orientation Index

Orientation Index

1.0
5 0.8 1
°
k=
c
S 06 1
8
c
Q
O 044
0.2 v v v v - v
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain

Fig. 8. Comparison of change in Ol with increasing strain for the three treatments: a) average of all fibrils; b) recruited fibrils; c) non-recruited fibrils. Chondroitinase ABC-treated

pericardium: e,

chondroitinase ABC-treated pericardium experienced similar
strains (slightly higher in the latter) whilst those in the
glutaraldehyde-treated pericardium experienced significantly
higher strains (Fig. 9b).

3.8 Fibril strain and tissue strain

The ratios of fibril strain (measured by D-spacing increase) to
tissue strain (measured by the extension of the pericardium
sample; calculated from data in Figure 7 b,d,f) were the

This journal is © The Royal Society of Chemistry 2015

, blue, native pericardium: ¥, ———, black, glutaraldehyde-treated pericardium: m,

following for the overall tissue for each treatment type:
chondroitinase ABC-treated samples 0.12; native 0.12;
glutaraldehyde-treated samples 0.16. These ratios are similar
to that reported elsewhere of 0.18 for a different sample of
native pericardium 2, Of those fibrils taking up the stress, the
ratio of fibril strain to tissue strain was 0.24, 0.2 and 0.37 for
chondroitinase ABC-treated, and glutaraldehyde-
treated pericardium, respectively.

native

RSC Adv., 2015, 00, 1-3 | 7
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—, black); glutaraldehyde treated (m, ===+ , red). a) Average of all fibrils; b) recruited fibrils only.

4, Discussion

The internal structural response and stresses on pericardium
collagen fibrils subjected to strain can be interpreted in terms
of the contribution that the GAG or glutaraldehyde cross
linking has on the rearrangement and stress on the individual
collagen fibrils.

We propose that there are three ways in which this tissue
can accommodate the strain and the stresses: 1. By removal of
crimp and re-orienting of fibrils (manifested as an Ol increase);
2. by stretching of fibrils (D-spacing increase); 3. by sliding of
the fibrils (not directly measured here).

The data, and our analysis of it, yield information about the
nanostructural tissue being
stretched. In strain-induced
recruitment of fibrils; strain-induced changes in Ol (from crimp

behaviours of pericardium

turn, these behaviours -
removal and rearrangement); and a D-spacing increase from
fibril
structure of the tissue.

stress — can provide insights into the mechanical

4.1 Recruitment

Recruitment is one aspect of re-orientation, and is a measure
of the proportion of collagen fibrils that take up the stress that
the tissue experiences (Table 1). Fewer fibrils were recruited in
the native pericardium (12%) than in the glutaraldehyde-
treated (45%) or the chondroitinase ABC-treated pericardium
(36%). This suggests that the collagen fibrils in glutaraldehyde
treated tissue are mechanically locked together by cross links
and, therefore, when collagen fibrils in one direction are
subjected to strain, other fibrils also take part in this strain. In
native tissue, the minimal recruitment suggests that GAGs do
not provided a strong mechanical connection between
collagen fibrils. However, if this were so, one would expect the
chondroitinase ABC-treated pericardium to behave similarly to
the native pericardium, which it does not. So, the evidence

8 |RSC Adv., 2015, 00, 1-3

from recruitment does not provide evidence for a mechanical
cross linking effect of GAGs in tissue.

4.2 Reorientation with strain

The amount of strain that a tissue must undergo before
reaching maximum Ol was similar for native pericardium (0.35)
and glutaraldehyde-treated pericardium (0.35) but higher for
chondroitinase ABC-treated (GAG depleted) pericardium (0.5).
This suggests that in chondroitinase ABC-treated pericardium,
mechanical cross links have been removed, allowing more
sliding of the collagen fibrils to occur compared with native
and glutaraldehyde-treated pericardium. This is consistent
with GAGs having a mechanical cross linking action. However,
we note the variability in the length of the toe region of the
stress—strain curves within treatment groups % could have
been influenced by the initial placement of the samples.

4.3 Ratio of fibril strain (stress) to tissue strain

For all three treatment types, the macroscopic tissue strain
was larger than the fibril strain, even after the Ol reached a
plateau, showing that either strain was taken up by other
tissue components or that the fibrils had slid axially relative to
one another as well as stretching. Therefore, a ratio of fibril
strain to tissue strain may indicate the level of fibril sliding.

For overall tissue, that ratio of fibril strain to tissue strain
was highest in glutaraldehyde-treated pericardium (0.16), with
ratios for native tissue and GAG-depleted tissue being the
same (0.12). Of the fibrils experiencing the most stress,
glutaraldehyde-treated pericardium again had the highest
(0.37), whilst native had the lowest (0.20) and
chondroitinase ABC-treated material intermediate (0.24).
These suggest that in glutaraldehyde-treated
pericardium the collagen fibrils are held in place, and less able

ratio
findings
to slide past each other, by the more highly networked

structure resulting from the action of cross links. That the ratio
of recruited fibril strain to tissue strain for chondroitinase ABC-

This journal is © The Royal Society of Chemistry 2015
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treated pericardium was slightly higher than that of native
pericardium implies that the presence of GAGs encourages
more fibril sliding. This strain ratio data, therefore, does not
support the theory of GAGs as mechanical cross linkers.

4.4 Ratio of fibril stress to tissue stress

For a given tissue stress, the individual collagen fibrils in
glutaraldehyde-cross linked tissue experienced more stress
(reflected by the D-spacing increase) than did the native tissue
(Fig. 9). The collagen fibrils in GAG-depleted (chondroitinase
ABC-treated) tissue experienced less stress than did the native
or glutaraldehyde-treated tissue when considering the
behaviour of all fibrils. This could be interpreted to mean that
in the glutaraldehyde-treated and native pericardia, there are
mechanical cross links that hold the fibrils together so that
when the tissue is stressed, this stress is transmitted to a
greater proportion of the collagen fibrils in the material. In
light of this interpretation, the ratio of fibril stress to tissue
stress supports a mechanical action of GAGs. However, for
those fibrils aligned in the direction of stress, the fibril strain at
a given stress was highest for glutaraldehyde-linked
pericardium, but was slightly lower for native than for
chondroitinase ABC-treated pericardium. From the behaviour
of these fibrils, it appears that GAGs do not transmit stresses
to individual fibrils.

4.5 Alternative explanations

The above interpretations of the analyses of fibril stress and
orientation change data can be explained by the mechanical
action of glutaraldehyde but do not all support GAGs as
mechanical cross linking agents. A radically alternative
explanation is that GAGs promote fibril sliding perhaps by
acting as lubricants to the collagen fibrils. The sliding forces in
fibrous protein systems are typically rather large 4 Lubrication
to reduce these forces does not mean weaker material, and it
is well known in the leather industry that lubricating processed
leather with oil components is necessary to achieve high
strength in leather .

Such a role for GAGs acting
glutaraldehyde acting as a mechanical cross link are consistent
with almost all observations in this work.

The lower fibril recruitment in native material compared to
that in chondroitinase ABC-treated material, the ratio of fibril
strain to tissue strain (particularly the ratio of the portion of
fibrils that take up the most stress), and the ratio of recruited
fibril stress to tissue stress are all consistent with GAGs acting
as lubricants in the native material, such that the fibrils slide
past each other rather than co-opting other fibrils into taking
up the applied stress. Unlike glutaraldehyde cross links, which
covalently bond to amino acid sidechains on the collagen fibril,
GAGs are thought to aggregate through hydrophobic and
hydrophilic interactions which can dissociate and reform 46, 47;
GAG bridges may, therefore, not be as strong as
glutaraldehyde cross links, and rather than pulling fibrils into
stretch or directly transferring forces, these GAG bridges may
skew, dissociate and possibly re-associate as fibrils slide past

as lubricants and

This journal is © The Royal Society of Chemistry 2015

one another. There is only one set of observations that is not
compatible with GAGs acting as lubricants: the reorientation of

fibrils with strain (Ol change, maximum) although the
differences are small.

5. Conclusions

An investigation into the mechanical nature of

glycosaminoglycan present in collagen tissue by comparing
native pericardium, GAG-depleted (using
chondroitinase ABC) and robustly cross linked pericardium
(using glutaraldehyde) identified significant differences in the
behaviour of the different tissues during

pericardium

nanostructural
mechanical loading. The evidence suggests both GAG and
glutaraldehyde cross links have a role in response to applied
tension forces, however, the mechanisms by which they
respond vary vastly; glutaraldehyde had a clear role in
producing a constrained network structure, involving more
fibrils in the mechanical response and experiencing higher
fibril strains. In contrast, fewer fibrils in native tissue partake in
stretching with the fibrils experiencing lower strains. We
propose GAGs may act as a lubricant, resulting in more fibril
sliding relative to fibril stretching.
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