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Abstract

Tendons transmit load from muscle to bone by utilizing their unique static and viscoelastic tensile
properties. These properties are highly dependent on the composition and structure of the tissue
matrix, including the collagen I hierarchy, proteoglycans, and water. While the role of matrix
constituents in the tensile response has been studied, their role in compression, particularly in
matrix pressurization via regulation of fluid flow, is not well understood. Injured or diseased
tendons and tendon regions that naturally experience compression are known to have alterations in
glycosaminoglycan content, which could modulate fluid flow and ultimately mechanical function.
While recent theoretical studies have predicted tendon mechanics using poroelastic theory, no
experimental data have directly demonstrated such behavior. In this study, we use high-bandwidth
AFM-based rheology to determine the dynamic response of tendons to compressive loading at the
nanoscale and to determine the presence of poroelastic behavior. Tendons are found to have
significant characteristic dynamic relaxation behavior occurring at both low and high frequencies.
Classic poroelastic behavior is observed, although we hypothesize that the full dynamic response
is caused by a combination of flow-dependent poroelasticity as well as flow-independent
viscoelasticity. Tendons also demonstrate regional dependence in their dynamic response,
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particularly near the junction of tendon and bone, suggesting that the structural and compositional
heterogeneity in tendon may be responsible for regional poroelastic behavior. Overall, these
experiments provide the foundation for understanding fluid-flow-dependent poroelastic mechanics
of tendon, and the methodology is valuable for assessing changes in tendon matrix compressive
behavior at the nanoscale.
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Introduction

Tendons function to facilitate precise skeletal movement by connecting and transmitting
force from muscle to bone. They are able to do this through a unique set of mechanical
properties at multiple hierarchical scales. These properties are dynamic, depending highly on
loading rate, duration, and magnitude (Mow and Huiskes, 2005). Additionally, tendons are
both inhomogeneous and anisotropic. The mechanical properties of the tissue are strongest
in the direction of fiber orientation, typically along the longitudinal axis of the tendon, but
many tendons, such as the rotator cuff and Achilles tendons, experience multiaxial loading
in vivo and, therefore, have more complex properties in certain regions of the tendon (Lake
et al., 2010, 2009; Miller et al., 2012b). This is particularly important at the insertion site,
where two very different materials (tendon, bone) attach via a four-zone transitional tissue
with gradients of fiber organization, extracellular matrix composition, and cell type (Saadat
et al., 2016; Thomopoulos et al., 2003, 2002). In addition, some tendon regions which are
subjected to compressive loading, such as the sub-acromial portion of the human
supraspinatus tendon or tendons that wrap around bones like flexor tendons, may have
varying mechanical properties at different regions within the tendon midsubstance (Longo et
al., 2011; Ralphs et al., 1991; Vogel et al., 1993).

The mechanical response of tendon is thought to be highly controlled by the innate structure
and composition of the tissue. The majority of tendon’s dry weight consists of a
hierarchically arranged collagen I network (Birk et al., 1997, 1995). Collagen molecules
arrange in a staggered packing arrangement to form individual fibrils, which then bundle to
form fibers, fascicles and eventually tendon proper. This collagen network is able to respond
dynamically to load through a series of structural arrangements known as collagen re-
alignment, uncrimping, sliding, and deformation (Connizzo et al., 2016, 2014b; Miller et al.,
2012a; Szczesny and Elliott, 2014a). In addition, a number of other extracellular matrix
components may be responsible for the mechanical response. In addition to recent interest in
the contribution of elastin and fibrillins (Fang and Lake, 2016), the role of proteoglycans in
contributing to the elastic response has long been investigated and debated (Fessel and
Snedeker, 2011, 2009; Legerlotz et al., 2013; Lujan et al., 2009, 2007; Screen et al., 2005).
However, several studies suggest a role for these important macromolecules primarily in
dynamic and viscoelastic properties (Connizzo et al., 2013; Dourte et al., 2012; Dunkman et
al., 2013; Rigozzi et al., 2013, 2009), alluding to their interaction with intra-tissue fluid.
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Methods

Proteoglycans regulate fluid flow in tissues via their glycosaminoglycan chains (GAGS),
which have a negative charge (Hascall, 1986; Mow and Huiskes, 2005) and, when densely
packed, provide the highest nanoscale resistance to interstitial fluid flow (Maroudas, A,
1979; Nia et al., 2015b). As tendons are primarily composed of water, about 75% of the wet
weight, regulation of fluid flow is crucial to dynamic mechanical behavior. In articular
cartilage, for example, the abundance of the large proteoglycan aggrecan is responsible for
the tissue’s complex poroelastic properties (Azadi et al., 2016; Nia et al., 2015b, 2013,
2011). It has recently been shown that proteoglycan concentration and type can vary
dramatically along and between tendons, and specifically that rotator cuff tendons contain
aggrecan in addition to decorin and biglycan (Berenson et al., 1996; Matuszewski et al.,
2012). Furthermore, regions that experience some compressive loading normally, as well as
regions of injured or diseased tendon, have also been shown to express aggrecan mRNA and
protein, which likely contributes to altered fluid control and therefore altered function
(Archambault et al., 2007; Buckley et al., 2013a; Corps et al., 2006; Longo et al., 2011;
Matuszewski et al., 2012; Vogel et al., 1993).

Recent studies have investigated the effect of altered fluid exudation on tissue mechanics
using both experimental and theoretical methods (Ahmadzadeh et al., 2015; Buckley et al.,
2013b; Butler et al., 1997; Chen et al., 1998; Lavagnino et al., 2008). Furthermore, several
studies exploring shear-lag models seem to predict ranges of tissue mechanics well assuming
poroelastic behavior (Ahmadzadeh et al., 2015, 2013; Atkinson et al., 1997; Szczesny and
Elliott, 2014b). Poroelastic behavior is associated with fluid-solid interactions and fluid
pressurization, which underlie important mechanical functions such as frequency-dependent
self-stiffening, energy dissipation, and hydraulic permeation. However, due to the difficulty
of measuring fluid exudation in tensile mechanics, there have been limited experimental
studies to either confirm present models or inform future models. Therefore, the objective of
this study was to determine if tendon exhibits poroelastic behavior, to characterize the
response, and to determine if there is regional heterogeneity in the poroelastic response
based on tissue structure. Our approach focuses on the nanoscale compressive response of
tendons, which is motivated both by the recently determined presence of aggrecan in regions
of some normal tendons, as well as clinical cases of rotator cuff and Achilles tendinopathies.
We hypothesized that tendons would exhibit a poroelastic response similar to that of
articular cartilage (Nia et al., 2011), with a dominant peak in the phase angle response
occurring at a peak frequency that scales with the square of the characteristic length
associated with deformation-induced fluid flow, a hallmark of poroelastic behavior.
However, we also hypothesize that this response would be regionally-specific, as both
structure and mechanical function have been shown to vary along the length of the tendon,
with a decreased hydraulic permeability closer to the junction of tendon and bone.

Sample Preparation

Achilles and supraspinatus tendons, along with muscle and bone attached, were harvested
from the limbs of 2-3 month old male C57BL/6 mice sacrificed for an unrelated study, as
described (Connizzo et al., 2014a). Excess soft tissue was gently removed from the tendons,
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but the bony insertion and myotendinous junction were kept intact for all experiments.
Tendon fascicles were gently harvested with tweezers from the tails of 2-3 month old
Sprague-Dawley rats sacrificed for an unrelated study. Rat tail tendon fascicles contain the
essential collagenous components of tendon in the most simplified and aligned structure,
while the Achilles and supraspinatus tendons are more complex in structure and are more
clinically relevant for tendon disease and injury (Fallon et al., 2002; Herod et al., 2016; Pang
etal., 2016; Rowe, 1985; Screen et al., 2015). In this study, we used the rat tail tendon
fascicles to study the behavior of the most simplified tendon structure and composition
(highly aligned collagen fibrils and organized distribution of extracellular matrix proteins),
and the mouse supraspinatus and Achilles tendons to investigate the role of the tendon-to-
bone junction, as well as the more complicated composition and structure (inhomogeneous
fibril packing and fibril size/shape, increased inhomogeneity in type and distribution of
proteoglycans, and decreased collagen organization), in the poroelastic response. In addition,
we tested samples of bovine calf cartilage as previously described (Nia et al., 2011) in order
to compare the compression-induced phase angle response, and therefore the hydraulic
permeability, between tendon and cartilage. All samples were maintained at physiological
ionic strength in phosphate buffered saline (PBS) with protease inhibitors and mechanical
tests were performed within 6 hours of harvesting the samples.

All samples were affixed to a custom stage for testing using a very thin layer of
cyanoacrylate glue and kept hydrated with PBS for the duration of the experiments (Fig 1A-
B). For Achilles and supraspinatus tendons, regional evaluation was performed by indenting
samples in regions as close as possible to the bony insertion on the calcaneus or humerus
(less than 100um), respectively, as well as several regions least 200um away from bone
which were defined as midsubstance. It’s important to note that for both Achilles and
supraspinatus tendons, samples were tested only on the joint side of the tendon for simplicity
(Fig 1A, right), although future experiments will investigate varying nanomechanical
function between the joint and bursal sides. For all tendons, indentations were performed
near the center of the tissue to avoid unwanted boundary effects from glue or tendon edge. In
addition, indentations at each region were performed on multiple tendons, in 3-5 locations
within a 50um radius, with at least 10-15 indentations per location. Locations were
visualized with the built-in top-view optics of the AFM, which has a 10x objective (Fig. 1B),
and their positions were controlled with the built-in x-y translational stage, which has an
accuracy of ~5um.

High-frequency AFM-based Rheology System

To measure the complex modulus of samples over a wide frequency range (1 Hz to 10 kHz),
we used our custom high-frequency rheology system coupled to a commercial atomic force
microscope (AFM) (MFP-3D, Asylum Research, Santa Barbara, CA) (Azadi et al., 2016;
Nia et al., 2013). We used polystyrene colloidal probe tips with varying diameters of ~4.5-
50 um (Polysciences, Warrington, PA) attached to tipless cantilevers with nominal spring
constant A~ 7.4 N/m (Budget Sensors, Sofia, Bulgaria). Spring constants were directly
measured for all tips using the thermal calibration method (Hutter and Bechhoefer, 1993).
The colloidal probes were attached to the cantilever by the lift-off process: a dot of UV-
curable glue (Loctite 3211) was placed on a tipless cantilever by making quick contact
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between the cantilever and a thin layer of glue spread over one half of a glass slide. We then
made immediate contact between the tip of the cantilever and a colloid probe resting on the
other side of the glass slide and waited for ~5 min with the cantilever pushing against the
colloid. This process was followed by UV curing for at least 12 h in a standard biosafety
hood.

Based on previous studies, we chose the indentation loading profile consisting of an initial
ramp-and-hold pre-indentation of approximately ~0.5—-4 um followed by force relaxation to
equilibrium (Fig. 1C). This corresponds to less than 5% initial offset compressive strain for
all of the tendons studied here. Random binary sequence (RBS) displacements of amplitude
in the range 8-12 nm (Fig. 1C) were then applied after the specimen had reached
equilibrium (Nia et al., 2015a). To generate the RBS signal, we applied a low-pass filter and
then a sign operator (sign(x) = 1 for x = 0 and sign(x) = -1 for x < 0) to simulated white
Gaussian noise. The amplitude of the resulting dataset was then scaled to the maximum
allowable excitation given to the secondary piezo actuator. In this study, the sampling rate of
the measurement was set to £=100 kHz, the length of the time series was set to 7=30 s, and
the cut-off frequency of the low pass filter was set at £=1 Hz.

The z-piezo voltage from the secondary piezo and the deflection voltage from the MFP-3D
were measured and data processing was then performed in MATLAB (The MathWorks,
Natick, MA). A discrete Fourier transform was used to obtain the fundamental frequency
component of the dynamic force F,s;and displacement & signals (Nia et al., 2013). The
magnitude and phase of the dynamic complex indentation modulus at each frequency was
obtained from the measured force and applied displacement amplitudes as previously
described (Mahaffy et al., 2004; Nia et al., 2015a). The magnitude is:

Fosc(f) 1
o(f) 2(Rsy)Y?

|E* ()] =

where Ris the probe radius and & is the initial static offset indentation depth. The phase
angle @ of the dynamic modulus represents the phase of the measured £z, with respect to
the applied dynamic displacement amplitude 6.

Results and Discussion

The high-bandwidth dynamic complex modulus of tendon in compression was measured in
this study for the first time, revealing self-stiffening and energy dissipation. Similar to
tendon dynamic tensile behavior and to the poroelastic behavior of cartilage, the magnitude
of the tendon compressive modulus increased with increasing frequency. However, tendon
exhibited a more complicated dynamic response than cartilage (Fig. 2A). Mouse Achilles
and supraspinatus, as well as rat tail fascicles, exhibited a two-peak response in the phase
angle, with an initial peak at lower frequencies (~10 Hz in Fig. 2 for mouse Achilles tendon)
and a second peak at higher frequencies (~1 kHz in Fig. 2), typically with a plateau region
between the peaks. In contrast to biopsy-punched cartilage samples previously studied (Nia
etal., 2013, 2011), the murine tendons are whole specimens dissected from the joint
including all associated tissues. Due to the native structural hierarchy of tendon collagen
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(Birk et al., 1997, 1995), it is possible that fluid forced to pass through the non-collagenous
layers encounters multiple hydraulic permeabilities (associated with local matrix
heterogeneities), resulting in complicated magnitude and phase curves having multiple
inflections and peaks, respectively. While much is known about the collagenous organization
of tendon, the roles of the interfibrillar (collagen fibril size, packing density, shape,
crosslinks) and interfascicular matrix (glycosaminoglycans, elastin, etc.) in mechanics, fluid
flow, and injury are only just beginning to be investigated. Recent studies have shown that
these matrices may play a distinct functional role in tensile mechanics which varies with
tendon type (Thorpe et al., 2015) and altered proteomic composition (Thorpe et al., 2016)
compared to the collagenous compartments of the tendon. Thus, there may be interplay with
fluid flow between compartments elicited by compression that has not previously been
observed or hypothesized.

However, tendons did exhibit classic poroelastic behavior as revealed by length-scaling of
the peak frequency of the phase angle. Linear poroelastic theory states that, fyeak & [(£L
K)1d2], where Toeak is the peak frequency of the phase angle, £ is the equilibrium
compressive modulus, kis the hydraulic permeability, and d? is the probe-tissue contact area
(Fig. 3), i.e., the square of the characteristic length over which fluid flows in response to
compression by an AFM probe tip of radius R (Nia et al., 2011). This length scaling was
investigated in our experiments by varying both the probe tip diameter (Fig 3A) and the
initial offset indentation depth &, (prior to dynamic compression) (Fig 3B). This classic
behavior was observed in the high frequency peak (peak 2), but not in the low frequency
peak (peak 1) of the phase angle response. Specifically, the low frequency peak did not shift
with either increased offset indentation depth or increased probe tip diameter (and therefore
contact area), while the higher frequency peak was especially sensitive to changes in contact
area (Fig 3). A purely viscoelastic response of the tissue would typically result in a single
peak in the phase angle response. This peak is flow-independent, and would not be shifted if
the contact area was altered, whether due to increased indentation depth or probe tip
diameter. In contrast, a purely poroelastic response is directly dependent on fluid flow
through the matrix, and therefore altering contact area would shift the frequency of the peak.
Furthermore, linear poroelastic theory states that the peak of the phase angle is inversely
proportional to the probe-tissue contact area, which was observed in the data of both Fig. 3A
and the complementary measurements of Fig. 3B.

Therefore, we hypothesize that the low frequency peak (peak 1) is dominated by the inherent
flow-independent viscoelastic response of the collagenous matrix, while the high frequency
peak (peak 2) is dominated by solid-fluid flow-dependent poroelasticity. This would explain
well why the hydraulic permeability & (associated with the frequency of the peak in phase
angle of peak 2) shifts clearly with alterations in contact area, similar to that reported for
poroelastic cartilage (Nia et al., 2011), whereas peak 1 shows no such change with contact
area. Furthermore, when the poroelastic phase peak shifts to lower frequency with increased
contact area (Fig. 3A), the hypothesized viscoelastic and poroelastic peaks begin to overlap,
thus resulting in no clear separation of two peaks (Fig. 3A). Given this hypothesis, our
results suggest that the hydraulic permeability of tendon would be higher than that of
cartilage, agreeing with observations in the literature. The very dense network of aggrecan
and associated GAGs within the collagen network in cartilage hinders fluid movement and
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traps fluid inside, resulting in a pressurized tissue with rate-dependent compressive
mechanics. In contrast, tendon primarily contains smaller proteoglycans that have less
ability to trap fluid inside the tissue, and thus the tendon is able to imbibe and exude fluid
more freely, resulting in large Poisson ratios (Ahmadzadeh et al., 2015; Chen et al., 1998;
Reese et al., 2010) and highly viscoelastic behavior in tension.

Interestingly, Achilles and supraspinatus tendons also exhibit regional heterogeneity in the
tissue response (Fig 4). In these tendons, the phase angle response appeared to be broadened,
with peak 2 of the phase angle shifted towards higher frequencies at the insertion site. Since
the probe radius is much larger than the average diameter of a collagen fibril, it is not likely
that this heterogeneity is due to contact with interfibrillar matrix. However, probe radius is
similar to the dimensions of individual collagen fibers and therefore, we probed multiple
regions and performed multiple indentations per region to measure the overall response of
the tissue. With this in mind, the regional heterogeneity in the tissue response found here is
likely due to alterations in structure or composition in the tissue. Specifically, the insertion
site of the tendon had an increased and broadened response in peak 2 of the phase angle,
suggesting a higher permeability in this region of the tendon. We originally hypothesized
that due to the increased GAGs near the bony insertion site of the tendon, the permeability in
this region would be lower. However, these areas are marked by an abundance of decorin
and biglycan, as opposed to previous studies in cartilage which studied the removal of
aggrecan (Nia et al., 2013). Therefore, it is likely that fluid flow-dependent interactions
regulated by these smaller and less abundant proteoglycans in tendon may be much less
impactful in the tendon dynamic response, but future studies could differentially remove
these elements to understand their direct role.

Furthermore, an increased permeability is counterintuitive at the junction of a highly
compliant tendon with a stiff and less permeable bone. Previous studies have not
investigated tissues with interfacial boundaries linking muscle and bone, as studied here, so
it is unclear what role these other tissues may play in the dynamic response. Other changes
present in this region that could contribute to the dynamic response include the introduction
of mineralization, the decreased collagen organization as the fibers insert into bone, and the
inherent boundary conditions caused by the introduction of a material with varying
composition, structure and material properties, such as bone. Regardless, the studies here
posit that keeping native tendon-bone structure intact, as opposed to dissection techniques
where the tendon is cut from the bone, is crucial for understanding the /n vivo dynamic
response using our approach. It is possible that this higher hydraulic permeability near the
tendon-to-bone insertion site may be responsible for joint damage to other structures, which
is well established in the biceps tendon and articular cartilage as a result of cuff tears (Peltz
et al., 2009; Reuther et al., 2012). Signals released from the injured tendon into the synovial
fluid are able to permeate easily into the adjacent tendons, thus leading to matrix
degradation and/or remodeling. In addition, this region of the tendon is limited by
unidirectional fluid flow due to the boundary of stiff bone and the anisotropy of the tissue,
and therefore the increased permeability in this region may allow for fluid to exude more
easily to reduce tissue pressurization. This would be particularly important for regions that
are experiencing high compressive and shear stresses, such as the insertion site of the
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supraspinatus tendon which passes under the acromial arch during movement (Gohlke et al.,
1993; Zuckerman et al., 1992).

While the present study provides important insights into the fluid-flow-dependent
poroelastic properties of tendon, there are some important issues that should be considered.
These studies are done in compression, as opposed to typical experimental and modeling
studies of tendon which are performed in tension. Thus, these experiments are better suited
to understanding mechanical changes in tendon regions that are subjected to compression
(such as in the rotator cuff) and are also relevant for understanding the functional
consequences of biological changes, such as accumulation or loss of GAGs, that may occur
with aging and tendinopathy. Furthermore, compression at the nanoscale may be a good
model for fluid exudation in tension due to Poisson effects, particularly in a highly
anisotropic tissue such as tendon. Additionally, although all samples reached a relaxed
equilibrium state prior to the application of dynamic loading, preconditioning was not
performed in these samples prior to indentation and loading history prior to sample
preparation was not considered. While we did not notice any significant effects qualitatively
over multiple indentations within the same region, differences in the relaxation response
were prevalent across different samples and in different regions. More generally, the initial
offset indentation-stress relaxation (prior to dynamic compression) was performed in load
control (while subsequent dynamic loading was performed in displacement control). With
this method, an initial marked impaction of softer tissues can occur without a significant
amount of deflection in the cantilever during the pre-indentation. Therefore, it is not
uncommon for softer tissue to appear to be stiffer during the dynamic response due to this
initial increase in compaction of the tissue. The role of tenocytes and their contribution to
active fluid transport are also not considered here. While we don’t expect active fluid
transport to play a role on the time scale or frequency range used in this study, changes in
permeability could affect cell metabolism and subsequent gene expression that could lead to
maladaptation (Archambault et al., 2002; Wall and Banes, 2005). Finally, flow-dependent
poroelastic properties measured in this study were not direction-dependent, and it is still
unclear what role direction of flow may play in the dynamic response measured here given
that tendon is highly anisotropic.

Taken together, to our knowledge, this study is the first to investigate and provide
experimental evidence for the poroelastic behavior of tendon. Interestingly, we found that
tendons exhibit a complex dynamic response, with multiple peaks in the dynamic phase
angle, which we hypothesize are a result of the interaction between viscoelastic and
poroelastic mechanical function. Future studies will investigate this hypothesis with finite
element modeling similar to our previous studies in cartilage. Furthermore, complex multi-
axially loaded tendons, such as the rotator cuff and Achilles tendons, exhibit regional
heterogeneity in their dynamic response. Overall, these experiments provide the crucial
foundation for understanding fluid-flow-dependent mechanics in tendon and are a valuable
tool to assess change in mechanical function at the nanoscale.
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Figure 1.
(A) Photograph and schematic of experimental setup highlighting orientation of tendon as

well as muscle and bone where appropriate. (B) Image of AFM probe with laser contacting
crimped tendon surface. (C) Force and displacement over time profile consisting of pre-
indentation followed by dynamic frequency response.
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Figure 2.

(A) Typical full bandwidth frequency response of mouse Achilles tendon (blue; top:
effective modulus magnitude, bottom: phase angle of force with respect to the applied
displacement) consists of two peaks with one peak occurring at low frequencies (~10 Hz)
and one peak occurring at higher frequencies (~ 1kHz). In contrast, the frequency response
of articular cartilage (red) exhibits a phase angle having a single peak. Lines and shading
indicate the median and 95% confidence interval, respectively, of 10-15 indentations on a
single region. (B) Example curve of the magnitude and phase of single mouse Achilles
tendon indentation showing two inflections in the magnitude accompanied by peaks in the
phase angle at these same inflection frequencies. Solid line indicates experimental data
while dotted lines indicate hypothetical deconvolution of peaks.
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(A) Effect of altered AFM probe tip particle size (using 4.5um, 25um, and 50um particles),
which alters probe-tissue contact area (proportional to d2), on full frequency phase angle
response of rat tail tendon fascicle, with initial indentation depths approximately 1-3um. (B)
Effect of altered initial indentation depth, 6,, which also alters contact area (proportional to
d2) on the peak frequencies of the phase angle response of rat tail tendon fascicles indented
with 4.5um particles from (A). Both (A) and (B) indicate a characteristic poroelastic
response whereby peak frequency decreases with increasing contact area in the second, or
high frequency, peak. The first, or low frequency, peak does not change with particle size or
8 o, which indicates that this first peak is not associated with a poroelastic response.
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Figure 4.
Representative frequency response curves of mouse supraspinatus tendons along the length

of the tendon demonstrating the shift in peak from the tendon-bone insertion site to the
midsubstance. The first point (insertion site) was defined as within 100um of the tendon-
bone junction (red, dot closest to bone) and the points that followed were approximately
every 100um with the lines indicated by the colors shown in the schematic. Lines and
shading represent the median and 95% confidence intervals, respectively, of 10-15
indentations on a single region.

J Biomech. Author manuscript; available in PMC 2018 March 21.



	Abstract
	Introduction
	Methods
	Sample Preparation
	High-frequency AFM-based Rheology System

	Results and Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

