4020 Biophysical Journal Volume 99 December 2010 4020-4027

Tensile Properties of Human Collagen Fibrils and Fascicles Are Insensitive
to Environmental Salts
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ABSTRACT To carry out realistic in vitro mechanical testing on anatomical tissue, a choice has to be made regarding the buff-
ering environment. Therefore, it is important to understand how the environment may influence the measurement to ensure the
highest level of accuracy. The most physiologically relevant loading direction of tendon is along its longitudinal axis. Thus, in this
study, we focus on the tensile mechanical properties of two hierarchical levels from human patellar tendon, namely: individual
collagen fibrils and fascicles. Investigations on collagen fibrils and fascicles were made at pH 7.4 in solutions of phosphate-
buffered saline at three different concentrations as well as two HEPES buffered solutions containing NaCl or NaCl + CaCls.
An atomic force microscope technique was used for tensile testing of individual collagen fibrils. Only a slight increase in relative
energy dissipation was observed at the highest phosphate-buffered saline concentration for both the fibrils and fascicles, indi-
cating a stabilizing effect of ionic screening, but changes were much less than reported for radial compression. Due to the small
magnitude of the effects, the tensile mechanical properties of collagen fibrils and fascicles from the patellar tendon of mature

humans are essentially insensitive to environmental salt concentration and composition at physiological pH.

INTRODUCTION

Tendons are a fibrous collagenous connective tissue that is
responsible for transmitting forces from muscle to bone to
produce joint movement. The importance of tendon in the
function of the body is mechanical in nature and investi-
gating the response of tendons under load is essential.
When it comes to the examination of tissue mechanical
properties, it is often necessary to remove the tissue from
its natural environment, thus requiring an adequate substi-
tute. Interstitial fluids contain a complex mixture of a large
number of different components including minerals, pro-
teins, sugars, and more.

The most abundant components are Na™t (~140 mM) (1)
and C1™ (~100 mM) (2) making up ~80% of the total osmo-
larity (~300 mM), and a common substitute is therefore
a 150 mM (0.9%) NaCl solution, commonly referred to as
physiological saline. Such a simple saline solution does
not take into account the physiological pH value of 7.4 (3)
and therefore a buffer is often added. A large number of
buffers exist with different advantages and disadvantages
(4); a common choice is phosphate. However, a number of
studies have indicated that such buffered solutions do not
correctly mimic the natural environment, but instead yield
increased swelling (5,6). Furthermore, it has been reported
that buffer solutions have altered the mechanical properties
(6-8) compared to freshly harvested tissue tested under
ambient conditions. It should be noted that simply testing
under ambient conditions is often not realistic, because the
tissue will dry quickly, especially if the specimens are small.
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Different studies have found that changing the molarity of
the buffering solution affects the water content of the tissue
(9,10). The hydrating properties of physiological solutions
are important, because hydration has been shown to influence
mechanical properties (11). Most notably dry tissues are
stiffer than hydrated tissues; as hydration increases, so does
cyclic relaxation (6), stress relaxation (12,13), and creep
(9,10), which are all manifestations of viscous behavior.
These studies used sucrose to alter solution molarity; how-
ever, this option will be problematic because sucrose solu-
tions are significantly more viscous than water (14).

In a recent study by Grant et al. (15), individual collagen
fibrils were investigated by nanoindentation to determine
the radial compressive mechanical properties in a number
of saline solutions with varying composition, concentration,
and pH. It was found that increasing the salt concentration
led to a severalfold increase in modulus. However, due to
the highly anisotropic structure of collagen fibrils, the
mechanical response in the radial direction will be consider-
ably different from that in the axial direction.

A number of recent studies on tensile mechanical proper-
ties of individual collagen fibrils report modulus values
ranging from 0.2 to 0.86 GPa for hydrated fibrils (16—-18).
Several studies have looked into the difference between
dry and hydrated tissue; however, none have investigated
differences in the hydrated environment.

The tendon is known to have a hierarchical structure
ranging from the collagen molecule to the whole tendon
(Fig. 1). However, the mechanical connection between the
levels of the hierarchy is poorly understood. Some studies
suggest that fibrils slip significantly during loading (19,20),
while the great length of fibrils (21,22) and the inability to
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FIGURE 1 (A) Schematic of the whole tendon. (Inset) Texture of the
tendon with crimping. (B) Magnetic resonance image of the human Achilles
tendon. (C) Tendon fascicles which are long separable cylindrical struc-
tures. (D) Longitudinal transmission electron microscope image of fibrils
in a fascicle. (Inset) Transmission electron microscope cross section where
the fibrils appear as circles. (E) Schematic of the highly organized structure
of molecules in a collagen fibril giving rise to a characteristic ~68-nm band-
ing pattern of gap and overlap zones. (F) Three-dimensional AFM image of
a collagen fibril displaying the banding pattern. (G) The building blocks of
the fibrils are the collagen molecules, a peptide triple helix. (Figure repro-
duced from Magnusson et al. (45).)

obtain unbroken fibrils from mature tissue (23) indicate that
fibrils are mechanically and possibly even physically contin-
uous. It is therefore of great interest to investigate how
changes at one hierarchical level relate to the other levels.

In this article, we investigated the axial tensile mechan-
ical properties and swelling of collagen fibrils and fascicles
from the human patellar tendon (Fig. 1), to assess the degree
to which changes at one hierarchical level would carry over
to the other. The environmental factors investigated are
osmolarity and presence of calcium. The effect of osmo-
larity was primarily investigated to determine whether
changes to the hydration through osmosis would occur
and whether the mechanisms of force transmission would
be disrupted or enhanced by salts as indicated by Grant
et al. (15). The investigation of calcium was prompted by
previous reports showing that energy dissipation in nano-
scale pulling and indentation of collagen was significantly
increased in CaCl,-containing solutions compared to solu-
tions with only NaCl (24,25).

MATERIALS AND METHODS

Materials

Human patellar tendon tissue was obtained during anterior cruciate liga-
ment replacement surgery (approved by the Danish Council of Ethics).
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The tissue had been stored frozen (—20°C) in 150 mM phosphate-buffered
saline (PBS). Reports on the effect of frozen storage on mechanical proper-
ties are inconsistent (26-30), but in our laboratory we have not observed
any measurable differences in mechanical properties between fresh and
frozen tissue. Individual fascicles were liberated from the tissue, one
used for the fibril level experiments and a further six used for experiments
at the fascicular level.

Atomic force microscopy (AFM) was performed on a MultiMode micro-
scope with a Illa controller (Veeco Instruments, Woodbury, NY). Three
different cantilevers were used for AFM experimentation (Olympus, Tokyo,
Japan):

1. OMCL-AC160TS (kgpying~42 N/m),
2. OMCL-TR800PSA long cantilever (kgying~0.15 N/m), and
3. OMCL-TR800PSA short cantilever (Kgpring~0.57 N/m).

A PicoForce setup was used for mechanical measurements (Veeco Instru-
ments). The exact spring constant of cantilevers were determined by anal-
ysis of their thermal spectrum (thermal tune) (31).

PBS solutions were prepared from a 20x concentrated PBS stock solu-
tion (4.00 g/L KCI, 160.20 g/L NaCl, 4.00 g/L NaH,PO,, 23.00 g/L,
Na,HPO,) by diluting 3, 20, and 150 times with ultra-pure water (resis-
tivity >18 MQ-cm) and adjusting to pH 7.4. This yields solutions with
concentrations of 1 M, 150 mM, and 20 mM (called PBS1000, PBS150,
and PBS20, respectively). Furthermore, two 10-mM HEPES buffers were
prepared to investigate the effect of Ca®>", one containing 150 mM NaCl
(called HEPES) and another containing 90 mM NaCl, 40 mM CaCl, (called
CaCl,) (pH 7.4). The HEPES solution was used to clear out residual phos-
phate before the introduction of calcium that would otherwise precipitate
as calcium phosphate; it also serves as a control to the effect of HEPES
itself.

Experimental overview

Each fascicle and fibril was tested in all five solutions. First, the specimen
was tested in each of the three PBS solutions. The order of PBS solutions in
this test was varied between experiments in a systematic fashion comprising
the six possible permutations of solution order. This allows for the effect of
time to be assessed by comparing among the first, second, and third PBS
buffers without having the PBS concentration as a confounder (Table 1).
Then it was tested in the HEPES solution and finally in the CaCl, solution.
Fascicles and fibrils were tested at two deformation rates of 0.5 and 4 mm/
min and 9.81 and 314 um/s, respectively, to assess viscous effects. To elim-
inate correlation between rate and time, the order of the testing rates was
reversed in every other experiment. The deformation rates for the fascicles

TABLE 1 Results grouped by injection order irrespective of
PBS concentration

Time of PBS injection* No. 1 No. 2 No. 3
Fascicles
Modulus (GPa) 055 = 14 054 = 14 0.54 = 15
Relative energy 249 + 3.8 247 + 2.6 245 = 45
dissipation (%)
Diameter (mm) 0.28 = 0.16 0.28 = 0.17 0.28 = 0.16
Fibrils
Modulus (GPa) 2.89 £ 023 288 =023 293 = 0.21
Relative energy 148 = 34 143 = 45 139 = 44
dissipation (%)
Height (nm) 167 = 50 168 + 47 171 + 48

Values are mean = SD. None of the parameters differ significantly between
time-points.

*Time is shown as the injection order (first, second, or third PBS buffer
introduced). Each time-point covers two measurements at each PBS
concentration.
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translate to ~0.1%/s and 1%/s strain rate, and for the fibrils they translate to
~5%/s and 160%/s.

Fascicle testing

Fascicle mechanical testing was performed in a micro tensile tester (200-N
tensile stage, petri dish version; Deben, Suffolk, UK) equipped with a 20 N
load cell (shown in Fig. 2 A). The middle of the fascicle was kept moist by
gauze soaked in the first solution while the ends dried. The dry ends were
glued with cyanoacrylate on to the clamps and an aluminum disk was
placed on top, which significantly increased the rate of curing. The first
solution was introduced after 15 min.

The fascicle was stretched until reaching the force onset (~0.01 N) fol-
lowed by three preconditioning cycles to 4% strain after which the onset
was redetermined (see Fig. 2 B). Using the new onset, six cycles to 4%
strain were performed at each deformation rate. Data from the sixth cycle
was analyzed. At the end of the test the fascicle was returned to a slack posi-
tion, and the solution was exchanged while keeping the fascicle moist.
The fascicle was incubated in the new solution for 1 h before repeating
the test protocol.

In each solution, the fascicle diameter was determined from microscope
images taken at the first onset. Cross-sectional area (CSA) was calculated
assuming a circular profile (32); subsequently, the CSA in the first solution
was used to calculate stress for that specimen in all solutions.

Fibril mechanical testing

Fibril mechanical testing was performed using a previously published
method (33) with one improvement to the procedure. The glue used for
this study was Araldite 2014 (Huntsman Advanced Materials, Everberg,
Belgium), which reduces the initial curing period by 24 h. In brief, tissue
was spread and dried on a silicon substrate, then two droplets of glue
(~200 pm apart) were placed with an AFM cantilever on a separate fibril.
After curing (18 h), the CSA was determined at eight positions along the
dry fibril by tapping mode AFM imaging using cantilever 1. Dry CSA
was used because it is easier to measure and is not affected by changes
in the tapping force. After CSA measurement, one of the glue droplets at
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FIGURE 2 Fascicle mechanical test design. (A) Photograph of the
mechanical rig showing the most important components. (B) Example of
fascicle mechanical data showing onset determinations, preconditioning,
and cyclic tests at two deformation rates. The basic scheme is similar to
that used for fibrils.
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the end of the selected fibril was scraped free using cantilever 1. This
free region of the collagen fibril was attached with glue to cantilever 3 in
such a way that the fibril was sandwiched between the glue pad and the
cantilever. After further curing (18 h), the first buffer solution was intro-
duced and given 30-min equilibration time before mechanical testing.
The data acquisition technique requires merging of multiple separate curves
and therefore only steady-state measurement can be made (33).

To ensure comparability between fibril and fascicle tests, the fibril testing
protocol was kept as identical as technically possible to the one used on
fascicles. An initial force onset was determined (~2.5 nN) and precondition-
ing cycles to 4% strain were performed for 10 min. The final onset was then
determined and used throughout the experiment. The test consisted of
cycling to 4% strain for 5 min to ensure a steady state before acquiring
the force curve in a piecewise manner as previously described (33).
When changing deformation rate, the fibril was cycled for 2 min to ensure
a steady state at the new rate before acquiring data. The fibril was then
relaxed and the buffer solution removed with a syringe, leaving a small
amount of solution between the cantilever and the surface to avoid drying
out the fibril. The fluid-cell was flushed thoroughly with 10 chamber
volumes of the next test solution. The collagen fibril was allowed to equil-
ibrate for 30 min before the testing protocol was repeated.

Fibril height

The effect of solution environment on fibril swelling was investigated by
AFM imaging using cantilever 2 for tapping-mode in liquid. AFM samples
were prepared as described above. To avoid compression of the fibrils,
tapping force was kept low by increasing the amplitude set-point until the
tip almost detached from the surface. Even at low tapping force, it is neces-
sary to keep the scan direction parallel to the fibrils to avoid detaching them
from the substrate. Due to the low tapping force, tracking was poor along
the fibril sides (Fig. 3 B) and therefore only the height was measured. For
each fibril, height was measured at the same four points in all solutions.

Data reduction and statistics

Mechanical measurements were made on six fascicles and six fibrils,
swelling was assessed on the same six fascicles and 12 other fibrils.
Modulus was determined at the lowest common stress in each experiment,
by linear regression to the final 20% (stress) of the loading curve. Relative
energy dissipation was determined by integrating along the entire hysteresis
loop and normalizing to the area under the loading curve. Effect of buffer
composition was analyzed by one-way ANOVA with repeated measures.
The effect of deformation rate was analyzed by two-way ANOVA with
repeated measures. Multiple comparisons were made with Bonferroni
corrections. Based on the observed standard deviations, the experiment
had a power >98% to detect a 15% change in modulus and relative energy
dissipation, at both the fibril and fascicle level. We consider 15% change to
be a reasonable requirement in light of the >100% effects of Ca®" and salt
concentration reported by others (15,24,25). For the fibril height and
fascicle diameter, the relevant magnitude of change is probably somewhat
smaller, and the power of these experiments to detect a 5% change
was >90%.

RESULTS
Fibrils

Mechanical testing was performed on single collagen fibrils,
producing hysteresis loops as shown in Fig. 4 A. The fibrils
had a mean dry diameter of 122 * 22 nm, which belongs in
the larger end of the range seen in human patellar tendon
(34). The diameter was very uniform along the length of
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FIGURE 3 AFM images used for measuring fibril heights to assess
swelling. (A) Dry collagen fibril imaged in air. (B) The same fibril imaged
in the PBS20 solution. The fibril is casting a shadow to the left due to the
low tapping force. (C) Line section profiles used to determine fibril height
in each solution. The displayed sections were taken at the position shown
with a vertical white line in panel B. As can be seen, the peak height varies
little between the solutions.

fibrils with an average standard deviation of 3.5%. The
tested fibrils were usually several hundred micrometers in
length, but were entangled in other fibrils, allowing only
a shorter part to be tested. The mean testing length of fibrils
was 192.8 = 6.0 um. We tested the collagen fibrils to
a mean strain value of 4.25 = (0.48% corresponding to a
stress of 89 * 15 MPa using dry CSA. The aim was to reach
into a linear response region while keeping stress low
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FIGURE 4 (A) Representative stress-strain curves obtained on a fibril at
two deformation rates. Note that the rounded tip in the high-rate curve is
caused by a measuring artifact. (Arrows) Loading and unloading direction
in the hysteresis loop. (B) Plot of modulus as a function of stress for a single
fibril. There is a large initial increase followed by a plateau region.
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enough to avoid plastic deformation. Fig. 4 B shows the
modulus (slope) of a representative stress-strain curve as
a function of the stress and it can be seen that the modulus
reaches a plateau. Although the slope does not become
completely constant we still consider it to be in a linear
region, and because analysis was performed at a common
stress value, the slight nonlinearity would not affect the
results. We did not observe any plastic deformation during
the tensile tests.

The effect of osmolarity was investigated in the three PBS
solutions at concentrations from 20 mM to 1 M. The
modulus of collagen fibrils (see Fig. 6 B, later) showed no
significant difference between any of the solutions. Further-
more, the fibril swelling based on height measurements
(Fig. 3) was not affected by the PBS concentration either.
However, the relative energy dissipation (see Fig. 6 C, later)
increased to 17.0 = 3.8% in PBS1000 from 12.9 £ 3.2%
in PBS20 (P < 0.001) and 13.2 *= 3.8% in PBS150
(P < 0.001).

Replacing the phosphate with a HEPES buffer caused
a statistically significant increase in fibril modulus of
24 = 1.6% (P < 0.05) compared to the PBS150 solution
of equal concentration. Fibril height and relative energy
dissipation were not affected by the change from phosphate
to HEPES buffer. Investigating the possible effect of
calcium on collagen fibril mechanics by including CaCl,
in the HEPES solution did not change any of the measured
properties.

The possible viscoelastic effects of the solutions was
investigated by increasing the deformation rate from
9.81 um/s to 314 um/s. Doing so significantly increased
the tensile modulus (see Fig. 6 B, later) in all five solutions
(P < 0.01) with a mean increase across all solutions of
7.6 = 4.3%. Varying the solution environment did not affect
the viscoelastic response because there was no interaction
between buffer composition and deformation rate in any
of the measurements. We did not analyze the effect of defor-
mation rate on relative energy dissipation because the high
rate measurements were affected by a measuring artifact
seen as a rounded tip in the unloading part of the hysteresis
loop in Fig. 4 A.

The initial three PBS solutions were applied in a varied
order to eliminate cross talk between composition and
time. Analyzing the PBS data by order instead of composi-
tion therefore allows us to assess whether changes occurred
in the mechanical measurements as the experiment pro-
gressed. This was not the case, as there was no significant
difference between time points for any of the measured
parameters (Table 1).

Fascicles

We performed mechanical tests on fascicles in addition to
fibrils to be able to separate intra- and interfibrillar effects
(Fig. 5 A). The tested fascicles had a mean diameter of
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FIGURE 5 (A) Stress-strain curves obtained on a fascicle at two defor-
mation rates. (B) Comparison between the cyclic test region (~4% strain)
used in this study and the failure properties of a representative fascicle.

0.27 = 0.16 mm and a mean length of 6.93 * 0.62 mm. The
fascicles were tested into the linear region but at sufficiently
low stress and strain to avoid plastic deformation. The mean
value of the target stress and strain in PBS150 was 12.9 +
3.9 MPa and 3.87 = 0.32%, respectively; for comparison,
the mean failure stress following the entire experiment was
60 = 29 MPa and failure strain was 17 = 7% (see Fig. 5 B).

Changing the ionic strength of the environment in the
range of 20 mM to 1 M PBS did not have any effect on
the modulus of the fascicles which remained constant at
~550 MPa (Fig. 6 A). However, the relative energy dissipa-
tion (Fig. 6 C) showed a statistically significant increase
from 23.0 = 3.7% in PBSI50 to 263 * 3.3% in
PBS1000 (P < 0.01). The swelling of the fascicle as deter-
mined by the diameter did not change significantly with
solution concentration.

Using a HEPES buffer instead of the phosphate did not
significantly affect any of the measured fascicle properties
when compared to the PBS150 solution (Fig. 6, A and C).
The presence of Ca®" in the HEPES buffer did not change
the mechanical response or swelling either.

Increasing the deformation rate from 0.5 mm/min to
4 mm/min did not significantly affect the modulus (Fig. 6 A)
or the relative energy dissipation in any of the solutions.
In addition, we found no interaction between buffer compo-
sition and deformation rate in any of the measurements.

There was no significant difference between time points
for any of the measured parameters (Table 1), showing that
none of the measured properties changed over the course of
the experiment.

DISCUSSION

The main purpose of this study was to investigate the sensi-
tivity of collagen-based materials to changes in the ionic
concentration of their environment. Previously, Ca®" has
been reported to affect mechanical properties of bone and
rat tail tendon (24,25,35). The effect of Ca®" on human
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FIGURE 6 Mechanical results for fascicles and fibrils in each of the five
solutions. (A) Modulus of collagen fascicles measured at two deformation
rates (0.5 and 4 mm/min). Difference between deformation rates is not
significant in any solution. (B) Modulus of collagen fibrils measured at
two deformation rates (9.81 and 314 um/s). Difference between deforma-
tion rates is statistically significant in all solutions. (C) Relative energy
dissipation of collagen fibrils and fascicles at the low rates (9.81 um/s
and 0.5 mm/min). The pound symbol (#) indicates significantly different
from PBS20; the asterisk symbol (*) indicates significantly different from
PBS150 (p < 0.05).) (Horizontal lines) Guide to the eye.

tendon at the fibril and fascicle level was therefore also
investigated in this study.

Structure

The structural data on fascicle diameter and fibril height
did not respond significantly to any of the environmental
conditions. At the fascicle level this indicates that the saline
solutions utilized in this study had no osmotic effect on
the tissue, which is in contrast to previous reports using
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solutions with sucrose or polyethylene glycol (5,9). At the
fibril level, it has previously been shown by x-ray methods
that in cornea the molecular spacing, which is assumed to
be proportional to fibril diameter, decreases with increasing
environmental ionic strength (36), which is in contrast to the
present results. However, the reported decrease going from
an ionic strength of 0.03 ym to 1 um was only ~4%, which
is on the order of our measuring uncertainty estimated to be
~3% from trials using only PBS150. This effect may thus
have been too small to detect in this study. For the fibril
height, this work agrees well with recent findings by Grant
et al. (15), who also reported a lack of changes when adding
1 M KCl at either pH 7 or pH 5.

Modulus

For fascicles, the modulus was unaffected by any of the
environmental conditions; however, for fibrils, the modulus
increased in HEPES compared to PBS150. Although
statistically significant, the physiological importance is
questionable, because the relative increase was only 2.3%
and the effect was not significant compared to PBS20 or
PBS1000. It should further be noted that the HEPES solu-
tion was always introduced after the PBS150, making
time a confounder; but because no significant time correla-
tion was found in the PBS solutions (Table 1) this is unlikely
to be an important factor. We therefore conclude that the
effect of HEPES on fibrils is so small that the tensile
modulus of both collagen fibrils and fascicles must be
considered practically insensitive to all of the investigated
environmental conditions.

Increasing the deformation rate of tensile testing led to
an increased modulus in the fibrils but not in the fascicles.
The effect was not modulated by solution composition,
which indicates that the investigated solutions had no
impact on the viscous response. However, other measures
of viscoelasticity such as creep may be more sensitive.

Comparing our results at the fibril and fascicle level, it is
clear that the modulus we report is much greater for the
fibrils than the fascicles (Table 1). A thorough discussion
of this matter is beyond the scope of this work, but in brief,
the majority of the difference can be accounted for by ad-
justing for the hydrated diameter of the fibrils (36-38), the
volume fraction of fibrils (39), and artifacts leading to
reduced modulus when testing fascicles of short length
in vitro (40).

Energy dissipation

The other mechanical parameter investigated was the rela-
tive energy dissipation, which showed a statistically signif-
icant increase in PBS1000 compared to PBS20 for fibrils
and to PBS150 for both fascicles and fibrils. For fibrils, there
was an absolute increase of ~4% and a trend to increase with
osmolarity, although not significant between PBS20 and
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PBS150. The increase in relative energy dissipation was
caused primarily by a reduction in the energy retention
during unloading (data not shown). Therefore, if the
increase in relative energy dissipation represents a physical
effect, a possible mechanism could be stabilization of the
deformed state by electrostatic screening, which would
reduce the rate of recovery during unloading.

It seems reasonable for the deformed state to be more
strongly stabilized by screening than the undeformed state
because existing electrostatic interactions would be disrup-
ted by the deformation. For fascicles, the effect was smaller
(3.2%), and there was no trend with respect to osmolarity
(Fig. 6 C). The less prominent effect in fascicles is expected
because fascicles can dissipate energy by interfibrillar
mechanisms such as fibril friction and fluid motion through
the matrix in addition to that dissipated within the fibrils.
This also explains why the magnitude of relative energy
dissipation is greater in fascicles than fibrils (Fig. 6 C).

Ca”" did not significantly affect the relative energy dissi-
pation of fibrils, which indicates that the previously reported
increase in energy dissipation during nanoindentation and
pulling experiments are related to lateral fibril interactions.
The fact that this effect is also present on purified collagen
(25) suggests that this interaction is mediated by the col-
lagen itself and not other matrix molecules.

Fibril mechanics

Our finding that the tensile modulus of fibrils is not affected
by salt concentration (Fig. 6 B) is in sharp contrast to the
radial compressive properties reported by Grant et al. (15).
In that work, a twofold increase in modulus was reported
when adding 1 M salt to a phosphate buffer at pH 7 regard-
less of cation (NaCl, KCI or NH4Cl). This effect was further
enhanced at pH 5 where the addition of 1 M KCI led to
a sevenfold increase in modulus. A number of important dif-
ferences between the two experiments can explain the dis-
crepancy, one of which is loading geometry. Because dry
collagen fibrils swell markedly upon hydration (11,16,36—
38), the mechanical properties in the radial direction on
hydrated fibrils probably involves a large extent of water
displacement between collagen molecules. This would
account for the three-orders-of-magnitude reduction in the
reported indentation modulus (11). In contrast, fibrils do
not swell significantly along their axial direction, and the
difference in tensile mechanical properties between dry
and hydrated fibrils also appear to be significantly smaller.

Yang et al. (18) found bending moduli in the range
1-3.9 GPa for dry and 0.07-0.17 GPa for hydrated fibrils
suspended across a gap, which is a ~10-20-fold decrease
upon hydration. Using a tensile method similar to ours,
van der Rijt et al. (16) reported a 10-fold decrease from
~5 GPa to ~0.5 GPa, whereas we have observed an ~2—-3-
fold decrease in fibril tensile modulus upon hydration in
pilot studies. The lesser axial sensitivity to hydration would
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imply that modulation of the collagen molecule interactions
by salts would also have a lesser impact on the axial prop-
erties. The reported effect on the compressive modulus
was greatly enhanced at pH 5. We therefore performed a
similar measurement on a single fibril, and found that the
tensile modulus also appeared to be more sensitive to salts
at pH 5 than pH 7 (Fig. S1 in the Supporting Material),
which suggests that the same mechanisms are in play.
However, the effect was much smaller on our sample under
tension (~12%) than reported for compression (~600%), and
the effect was reduced at greater stress levels (Fig. S2).

Another major difference is the biochemical integrity of
the collagen fibrils under investigation. In this work, we
used native collagen fibrils from the patellar tendon of
a 28-year-old male human, which likely contains a high
concentration of mature cross-links. In contrast, Grant
et al. (15) used reconstituted Bovine Achilles tendon, which,
due to the reconstitution process, would be expected to
contain few-to-no mature cross-links; however, immature
cross-links may be present (41). The presence and type of
cross-links may significantly affect the tensile properties
of the fibril (42) by transmitting force between collagen
molecules through covalent bonds rather than the noncova-
lent interactions responsible for fibril self-assembly. Any
disruption or strengthening of the noncovalent interactions
would therefore be shielded by the cross-links during tensile
testing.

This type of reconstituted bovine collagen has previously
been used in single fibril tensile experiments by van der Rijt
et al. (16) who were able to attain large moduli (~5 GPa) and
stresses (~90 MPa) on dry fibrils. However, upon hydration,
plastic deformation was reported already at 15 MPa stress,
which appears to be in the toe region (Fig. 4 in (16)). This
is far less than the ~90 MPa stress reached in this work,
which is limited by technical constraints and not plastic
deformation of the fibril. Those results indicate that the
lack of cross-links in the reconstituted fibrils may lead
to reduced yield strength and possibly reduced moduli,
although the low value of 0.5 GPa is likely caused by being
in the toe and not the linear region. This is in agreement with
recent modeling results showing that the primary effect of
cross-linking is on the failure mechanics rather than the
modulus (43).

It is possible that performing our experiment on reconsti-
tuted fibrils would lead to greater salt sensitivity than
observed in this work. A small pilot study on the compres-
sive modulus of a few mature human fibrils (Fig. S3) did not
demonstrate any significant effect of salts, indicating that
they are indeed less sensitive to their saline environment
than the reconstituted fibrils. This suggests that fibril cross-
linking is the primary cause of the observed differences in
response to salts.

Another concern related to cross-linking is the drying of
the fibrils, which is necessary for the glue to cure. Drying
the fibrils could very well alter their response; however, in
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the work by Grant et al. (15) the fibrils were also dried
before being rehydrated and tested, indicating that the
drying, per se, does not make the fibril insensitive to the
ionic environment. It is possible, though, that increased
cross-linking of the fibril when it dries (44) could shield
the tensile response as mentioned previously.

CONCLUSIONS

Herein we investigated the tensile mechanical properties of
individual collagen fibrils and found that they were largely
insensitive to environmental salt concentration (20, 150,
and 1000 mM PBS), choice of buffer (phosphate versus
HEPES) and the presence of calcium. The only systematic
effect was a an increase of ~4% in the relative energy dissi-
pation of collagen fibrils in the 1000 mM PBS solution,
indicating a stabilizing effect of the high salt concentration
on the deformed state of the fibril. For comparison, equiva-
lent measurements were performed on collagen fascicles,
which were also largely insensitive to the environmental
conditions. The disagreement of this finding with previous
findings on the radial compressive mechanics of fibrils
underlines the anisotropic nature of collagen and the need
to also investigate fibril mechanics under axial tensile load.

SUPPORTING MATERIAL

Three figures are available at
supplemental/S0006-3495(10)01415-3.
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