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Abstract
Type I collagen is the most abundant protein in mammals, and is a vital part of the extracellular
matrix for numerous tissues. Despite collagen’s importance, little is known about its nanoscale
morphology in tissues and how morphology relates to mechanical function. This study probes
nanoscale structure and mechanical properties of collagen as a function of disease in native
hydrated tendons. Wild type tendon and tendon from the Brtl/+ mouse model of Osteogenesis
Imperfecta were investigated. An atomic force microscope (AFM) was used to image and indent
minimally-processed collagen fibrils in hydrated and dehydrated conditions. AFM was used
because of the ability to keep biological tissues as close to their native in situ conditions as
possible. The study demonstrated phenotypic difference in Brtl/+ fibril morphology and
mechanics in hydrated tendon which became more compelling upon dehydration. Dried tendons
had a significant downward shift in fibril D-periodic spacing versus a shift up in wet tendons.
Nanoscale changes in morphology in dry samples were accompanied by significant increases in
modulus and adhesion force and decreased indentation depth. A minimal mechanical phenotype
existed in hydrated samples, possibly due to water masking structural defects within the diseased
fibrils. This study demonstrates that collagen nanoscale morphology and mechanics are impacted
in Brtl/+ tendons, and that the phenotype can be modulated by the presence or absence of water.
Dehydration causes artifacts in biological samples which require water and this factor must be
considered for studies at any length scale in collagen-based tissues, especially when characterizing
disease-induced differences.
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1. Introduction
Type I collagen is the most abundant protein in mammals (Kadler et al., 1996). It is found
throughout the body and forms a major portion of the extracellular matrix of many tissues
including tendon, skin, arterial walls, bone and dentin. Type I collagen is a versatile protein
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that provides a scaffolding for formation of many tissues and a template for subsequent
mineralization in bone and dentin. Most notably, it is the principal source of tensile strength
in many tissues (Canty and Kadler, 2005).

Type I procollagen is a heterotrimer of three α chains (two α 1 and one α 2) wound into a
right handed triple helix. The individual alpha chains are left-handed helical structures
which have an uninterrupted motif of Glycine-X–Y triplets (X and Y are often proline and
hydroxyproline, respectively) (Kadler et al., 2007). As an amino acid with a single hydrogen
side chain, glycine’s presence as every third residue is crucial, as it is the only amino acid
which can be accommodated in the internal aspect of the collagen helix. Once the
procollagen molecule is secreted from the cell, the non-helical propeptide ends are
enzymatically cleaved releasing a mature collagen-molecule that is 300 nm long and 1.5 nm
in diameter. Collagen self-assembles into a staggered, parallel twist to form a microfibril
(Hulmes and Miller, 1979; Orgel et al., 2006; Smith, 1968; Wess et al., 1998), and
microfibrils pack together to produce a three dimensional collagen fibril. This nanoscale
fibril is the primary building block of many collagen-based tissues. Due to space between
the ends of these molecules and an offset from row to row, gap and overlap zones exist
within the fibril and produce an oscillating surface with a characteristic axial repeat pattern
called the D-periodicity. Recent work has demonstrated that rather than being a singular
value of 67 nm postulated by Hodge and Petruska (1963), the D-spacing exists as a
distribution of values in collagen-based tissues (Fang et al., 2012; Wallace et al., 2010b). In
bone, these distributions are altered with disease and may serve as an early disease marker
(Wallace et al., 2011, 2010a).

Osteogenesis Imperfecta (OI) is a generalized disorder of connective tissues whose
predominant symptoms and findings occur in bone, although multiple other tissues are
impacted. Autosomal dominant OI types II, III and IV result primarily from point mutations
causing the substitution of a triple-helical glycine (80%) or splice site mutations (20%) in
the genes encoding the Type I collagen α chains (Marini et al., 2007). The disease displays a
wide spectrum of phenotypes whose relationship to different mutations is incompletely
understood although over 1500 independent alterations in the primary structure of collagen
have been identified. Changes in α chain structure cause delayed protein folding, over-
modification of the triple helix and decreased collagen quality (Glorieux et al., 2002).
Although it is clear that these molecular changes are responsible for altered mechanical
properties associated with OI (Byers et al., 1991; Fratzl et al., 1996; Jepsen et al., 1997;
Kozloff et al., 2004), the link between nanoscale and tissue-level structure and function
remains elusive.

Several studies have investigated the link between genotype and collagen structure in OI
bone (Cassella et al., 1994; Sarathchandra et al., 1999; Wallace et al., 2011) and tendon
(McBride et al., 1997; Misof et al., 1997), but little is known about collagen’s nanoscale
morphology in situ and how morphology relates to nanoscale mechanical function. The
Brittle (Brtl/+) mouse, a model of Type IV OI, has a classical single glycine substitution (a
cysteine is substituted for a glycine at the 349 position of the triple helix) in one Col1α1
allele. This model was created to study how a defined change in the amino acid sequence of
collagen can lead to an OI phenotype (Forlino et al., 1999). A previous study in Brtl/+ bone
at 2 months of age demonstrated a change in the distribution of D-spacing values (Wallace
et al., 2011). This observation was important, but the mechanism leading to this change is
unknown. The presence of mineral further complicates the interpretation of the results. In
addition, the study was performed in air on dried bone samples. Collagen exists in a
hydrated environment in vivo, and it is well known that collagen denatures (at least
partially) when dehydrated (Saitô and Yokoi, 1992). This important issue of tissue hydration
is particularly relevant when considering how dehydration impacts the mechanical

Kemp et al. Page 2

J Struct Biol. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



properties of the collagen fibrils (Grant et al., 2008, 2009). Despite a wealth of knowledge
concerning the effects of dehydration in collagen, many papers continue to investigate
properties of collagen-based tissues in fixed, dehydrated or otherwise altered/manipulated
samples and draw broad conclusions based on these studies.

The primary purpose of this study was to investigate the nanoscale structure and mechanical
function of non-mineralized tendon in the Brtl/+ mouse model of OI. Under hydrated
conditions, AFM was used to image and indent minimally-processed Type I collagen fibrils.
The hypothesis was that like in bone, nanoscale morphology would be altered as a function
of the disease. These changes in structure would be directly related to alterations in
nanoscale mechanical integrity. Upon dehydration, it was further hypothesized that
morphology, mechanics and their relationships with one another would change, altering the
phenotype of the diseased tendons.

2. Materials and methods
2.1. Animals and tissue preparation

Brtl/+ and wild type (WT) mice from the mixed Sv129/CD-1/C57BL/6S background strain
were used at 6 months of age with prior approval of the NICHD Animal Care Committee
(protocol # ASP 09-023). Four mice from each genotype were sacrificed by lethal injection,
and tails were removed whole and processed for imaging. The skin of each tail was pulled
back at the base and removed in a base-to-tip direction to expose the underlying tendon
bundles. From each tail, 75 mm lengths of individual fascicles were removed and placed in
phosphate buffered saline (PBS). Each fascicle was rinsed in water, placed on a glass slide
and flattened with curved forceps. For fluid imaging, the sample was allowed to dry just
enough to adhere to the glass, then was submerged in water and imaged. For imaging in air,
samples were dried in ambient conditions and imaged.

2.2. Atomic force microscopy (AFM) imaging and analysis
Samples were imaged using a Bruker Catalyst AFM, operating in peak force tapping mode.
Prior to imaging, each probe was calibrated. The probe was pushed into a glass surface and
the deflection of the cantilever was measured to determine the cantilever’s deflection
sensitivity (nm/V). This value determines how much the cantilever will deflect under a
given load. Next, the spring constant (N/m) of the cantilever was determined using the
thermal tuning method. Finally, the radius of curvature was determined using a tip
calibration sample. The fibrils became stiff and brittle when dried, necessitating the use of
different imaging probes in wet and dry conditions (Grant et al., 2008). For wet imaging and
indentation, ScanAsyst Fluid+ probes were used (Bruker, radius nominally 2 nm, k = 0.7 N/
m). For dry imaging and indentation, stiffer RTESPA probes were used (Bruker, radius
nominally 8 nm, k = 40 N/m).

Making absolute x–y distance measurements with AFM is limited by the calibration of the
system. Calibration of the Bruker Catalyst AFM was performed using a 100 × 100 nm
calibration standard (Nanosensors 2D-100 standard). The scan size was set at 5 μm (50 × 50
pitches) with 512 × 512 pixels and a scan rate of 0.5 lines/s. After calibration, the percentage
error of the AFM was less than 1% in both the fast scan and slow scan directions.

For measurements of collagen morphology, 5 × 5 μm images were acquired from 3
locations in each of 2–3 fascicles per animal. At each location, peak force error images were
analyzed to investigate the D-periodic spacing of individual fibrils using a two dimensional
Fast Fourier Transform (2D FFT), as previously described (Wallace et al., 2011, 2010a,b).
Briefly, analysis was performed on 10–15 individual fibrils per location, an average of n =
65 per sample. A rectangular region of interest (ROI) was chosen along straight segments of
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individual fibrils (SPIP v5.1.5, Image Metrology; Hørsholm, Denmark). A 2D FFT was
performed and the primary peak from the power spectrum was analyzed to determine the
value of the D-periodic spacing for that fibril.

2.3. AFM-based indentation
Once an image was obtained, the AFM cantilever/probe was used as an indentation device.
Four to five locations along the length of individual fibrils were indented to 20 nN (wet) or
50 nN (dry), and force-separation curves were acquired (Fig. 1). These indents were spaced
apart by at least 10 D-periodic units to ensure that there was no interaction from one indent
to the next. In addition, all indents were targeted toward the overlap region of the fibril for
consistency, as others have shown variations in the mechanical properties of collagen fibrils
between the gap and overlap regions (Balooch et al., 2008). On average, 25–30 individual
fibrils were indented from each sample for an average of between 125 and 150 total
indentations per sample.

Indentation depth (δ), energy dissipation and adhesion force were determined directly from
each indentation curve. Several methods based on classical Hertz contact mechanics exist to
calculate indentation modulus (Es) from the unloading curve of AFM-based indentation
data. Recent studies have utilized an extension of the Oliver Pharr method (Stolz et al.,
2004, 2010), a technique which is well suited for instrumented nano-indentation studies
where a blunt diamond tip is pushed into a surface (Oliver and Pharr, 1992). However, the
majority or AFM-based indentation literature (and available software packages for analyzing
AFM data) use either the classic Hertz model or the Sneddon model to extract elastic
modulus data. In dry conditions, indentation depth was much smaller than the radius of
curvature of the probe. Therefore, the classic Hertz model of contact between a rigid sphere
and an elastic half space was used.

(1)

In Eq. (1), F is the force and r is the radius of curvature of the probe. Poisson’s ratio (νs) is
not fully understood for collagen and as such, a value of 0.35 was chosen for all samples.
When fibrils were wet, there was much more indentation depth despite the smaller applied
forces. Therefore, the Hertz model is no longer valid and the Sneddon model of contact
between a rigid cone and an elastic half space was used.

(2)

In Eq. (2), α is the opening angle of the AFM probe (α = 17.5° for the probes used here).
When calculating modulus using either approach, irregular adhesion forces between the tip
and sample dominate the lower-force and negative regions of the force displacement curve
leading to decreased signal-to-noise and inaccuracies in the data fit. Preliminary studies
indenting many wet and dry collagen samples were performed and analyzed to determine
how much of the unloading curve to include in the analysis. Taking into account noisiness in
the data, the variability in adhesion forces and the reproducibility of the data fit, data from
the middle 50% of the unloading curve were included.

2.4. Statistical analysis
All statistical analyses utilized SPSS (Version 19.0, IBM). For all investigations, a value of
p < 0.05 was considered significant. To investigate the effect of genotype on morphology,
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D-periodic spacing values measured from an individual tail sample were averaged, yielding
a single value for that sample. The values from WT and Brtl/+ mice were then compared
using a Student’s t-test in wet or dry conditions (n = 4 per condition). To investigate
differences in distributions of fibril morphology between genotypes in wet or dry conditions,
the histogram and the Cumulative Distribution Function (CDF) of each group were
computed. The CDF shows the percentage of a given sample population which is contained
up to a particular value, easily demonstrating differences between distributions in both mean
and standard deviation. To test for statistically significant differences between distributions,
Kolmogorov–Smirnov (K–S) tests were applied to the data (n = 255 for WT wet, n = 244 for
Brtl/+ wet, n = 257 for WT Dry, n = 291 for Brtl/+ Dry).

Mechanical comparisons were made in one of three ways. First, as was the case for
morphology above, values measured from an individual tail sample were averaged, yielding
a single value for that sample for each mechanical parameter. The values from WT and Brtl/
+ mice were then compared using a Student’s t-test in wet and dry conditions (n = 4 per
condition). Next, each property from all indents within each genotype/condition were
displayed as histograms and CDFs (n = 555 for WT wet, n = 614 for Brtl/+ Wet, n = 464 for
WT dry, n = 479 for Brtl/+ dry). To test for statistically significant differences between
distributions, Kolmogorov–Smirnov (K–S) tests were applied to each property. Final
mechanical investigations were performed by averaging the 4–5 indents made in a given
fibril to yield a single value for that fibril (n = 112 for WT wet, n = 124 for Brtl/+ Wet, n =
101 for WT dry, n = 109 for Brtl/+ dry). In an attempt to relate morphology to mechanics,
linear correlation analyses were performed between D-spacing and mechanical properties.

3. Results
3.1. Morphological changes in hydrated Brtl/+ tail tendon fibrils

The D-periodic spacing of individual Type I collagen fibrils was used as the metric of fibril
nanoscale morphology. To assess the D-periodic spacing in murine tail tendon as a function
of the Brtl/+ OI genotype, tails from 6 month old male mice were used. Images were
acquired from 3 locations in each of 2–3 fascicles per animal (Fig. 2). 2D Fast Fourier
Transforms were then performed on 10–15 individual fibrils. All measurements within each
tendon samples were averaged to yield the mean fibril spacing for that tail, then the 4 WT
values were compared with the 4 Brtl/+ values (Fig. 3). For the hydrated samples, the
overall mean values were 68.2 ± 1.2 and 67.5 ± 1.4 nm for WT and Brtl/+, respectively.
There was no significant effect of genotype on mean fibril spacing in the wet samples (p =
0.123).

Important information can also be obtained by analyzing the population distribution of fibril
morphologies within each genotype (Fig. 4). Fig. 4a shows that a distribution of D-period
spacing exists in each genotype and that the Brtl/+ distribution is shifted to lower spacing
values versus the WT distribution. The main population of fibrils in each group was defined
using the mean of the WT group ± 1 standard deviation. Within this range, 72% of WT
fibrils and 67% of Brtl/+ fibrils are found. Below this range, 14.5% of WT fibrils were
found in comparison to 29% of Brtl/+ fibrils, indicating that the population distribution of
Brtl/+ fibrils was shifted downwards versus WT. As a second method to visualize these
distributions, the Cumulative Distribution Function (CDF) was computed from the
measurements in each group (Fig. 4b). Both the histogram and the CDF indicate that the
Brtl/+ tendon populations were shifted downward in comparison to their WT counterparts,
although the shape of the two populations were similar. A Kolmogorov–Smirnov (K–S) test,
a test which is sensitive to changes in both the mean value and standard deviation of a
distribution, indicated that the D-periodic spacings in Brtl/+ tendons were significantly
different than the WT tendons (p < 0.001).
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3.2. Morphological changes in dehydrated Brtl/+ tail tendon fibrils
For the dehydrated samples, the overall mean values were 68.6 ± 0.8 and 68.9 ± 1.0 nm for
WT and Brtl/+, respectively (Fig. 3). There was no significant effect of genotype on mean
fibril spacing in the dry samples (p = 0.209). In Fig. 5, a clear difference between population
distributions is not immediately apparent, although the Brtl/+ population may be slightly
shifted upwards. The main population of fibrils, again defined as the mean of the WT group
± 1 standard deviation, contained 70% of WT fibrils but only 62.5% of Brtl/+ fibrils. In this
case, 17.5% of WT were above this range compared to 26.5% of Brtl/+ fibrils. The CDF
indicates that the populations are similar until about 68 nm, then the WT population
increases rapidly while the Brtl/+ population is delayed, spreading Brtl/+ values towards
larger spacing. A K–S test indicated that the D-periodic spacings were significantly different
between the two groups (p < 0.001).

3.3. Mechanical changes in hydrated Brtl/+ tail tendon fibrils
Mechanical changes in Type I collagen fibrils were assessed using the AFM as an
indentation device. Four to five locations along the length of individual fibrils were indented
to a maximum force of 20 nN. These indents were spaced apart by at least 10 D-periodic
units to ensure that there was no interaction from one indent to the next. In addition, all
indents were targeted toward the overlap region of the fibril for consistency, as others have
shown variations in the mechanical properties of collagen fibrils between the gap and
overlap regions (Balooch et al., 2008). On average, 30 individual fibrils were indented from
each animal for an average of approximately 150 total indentations per sample.

Mechanical properties including elastic modulus, indentation depth, energy dissipation and
adhesion force were analyzed. For the first analysis, all measurements within each tendon
sample were averaged to yield the mean value from each property for that tail, then the 4
WT values were compared with the 4 Brtl/+ values (Table 1). Surprisingly, there were no
significant differences in any of the analyzed properties between the WT and Brtl/+ groups.

The next mechanical comparisons were made for all indentations within each genotype,
leading to a samples size of n = 555 for WT and n = 614 for Brtl/+. Histograms and CDFs
were also produced for each property and statistically compared using KS tests (Fig. 6). As
was the case at the sample level, there were no significant differences in mean between WT
and Brtl/+ elastic modulus, indentation depth or energy dissipation despite the large samples
sizes (data not shown). There were similarly no differences in distributions for these
properties (Fig. 6). There was, however, a significant difference in adhesion force (the
maximum attractive (negative) force between probe and sample upon withdrawal of the
probe, Fig. 1). In the Brtl/+ samples, the values climb more quickly with 90% of the Brtl/+
values being less than or equal to 0.5 nN versus the WT values which do not reach 90% until
1.5 nN. The WT population also ends at 2.7 nN, while a tail exists in the Brtl/+ population
out to more than 6 nN.

Final mechanical investigations were performed by pooling the 4 to 5 indents made in a
given fibril to yield a single value for that fibril, resulting in a sample size of n = 112 for WT
and n = 124 for Brtl. In an attempt to relate morphology to mechanics, linear correlation
analyses were performed between D-spacing and mechanical properties (Table 2). Weak and
non-significant relationships were found for most properties, with the exception of a
significant negative relationship between energy dissipation and D-spacing in the WT
samples. Energy dissipation was also significantly correlated with modulus (negative) and
deformation (positive) in both WT and Brtl/+ fibrils. Finally, a strong and positive
relationship existed between energy dissipation and adhesion force, suggesting that adhesion
may be the mechanism behind dissipated energy with loading (Fig. 7A).

Kemp et al. Page 6

J Struct Biol. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.4. Mechanical changes in dehydrated Brtl/+ tail tendon fibrils
As was the case for wet conditions, four to five locations along the length of individual
fibrils were indented in the dry fibrils. Because of a stiffening of these fibrils with
dehydration, a higher force of 50 nN was needed to get enough deformation of the fibrils for
analysis. All measurements within each tendon sample were averaged to yield the mean
value from each property for that tail, then the 4WT values were compared with the 4 Brtl/+
values (Table 3). As was the case in the wet samples, there were no significant differences in
mean values for any of the mechanical properties between WT and Brtl/+ samples. There
was a marginal decrease in indentation depth and a similar increasing trend in modulus in
the Brtl/+ samples.

The next mechanical comparisons were made for all indentations within each genotype,
leading to a samples size of n = 464 for WT and n = 479 for Brtl/+. Histograms and CDFs
were produced for each property (Fig. 8). As opposed to the wet condition, there were
significant mean differences between the WT and Brtl/+ fibrils for elastic modulus,
indentation depth and adhesion force, but no difference for energy dissipation (p < 0.001 for
all, data not shown). There were similar significant differences in population distributions
(Fig. 8). Population differences were particularly compelling for modulus and indentation
depth, where the Brtl/+ fibrils were, on average, 37% stiffer leading to 23% lower
indentation depth for the same indentation force.

Pooling the 4–5 indents made in a given fibril to yield a single value for that fibril resulted
in a sample size of n = 101 for WT and n = 109 for Brtl/+. Linear correlations were
performed between D-spacing and mechanical properties (Table 4). In the WT samples,
there was no relationship between D spacing and any mechanical measure. The Brtl/+
samples showed strong significant correlations between D-spacing and both modulus and
indentation depth, with a marginal negative relationship between D-spacing and energy
dissipation. There were also strong relationships between energy dissipation and both
modulus and indentation depth in the Brtl/+ fibrils. As was the case in dry fibrils, a strong
and positive relationship existed between energy dissipation and adhesion force, again
indicating that adhesion is the primary mechanism behind lost energy with loading (Fig.
7B).

As a means to understand how the D-periodic spacing and mechanical properties may be
related to one another in general, linear correlation analyses were performed on data from all
individual fibrils. In total, 112 WT wet, 124 Brtl/+ wet, 101 WT Dry and 109 Brtl/+ fibrils
were analyzed, making the total sample size of n = 446 fibrils (Table 5). All measured
mechanical properties had strong significant relationships with D-spacing with the exception
of energy dissipation. There were also strong significant relationships between energy
dissipation and all other mechanical properties. One relationship of note was between
adhesion force and energy dissipation. The correlation coefficient for this comparison was
0.832, resulting in an r2 = 0.692, suggesting that nearly 70% of the variation in energy
dissipation can be explained by adhesion force.

4. Discussion
This study’s main goal was to investigate the nanoscale structure and mechanical function of
normal tendon fibrils and fibrils from the Brtl/+ mouse model of Osteogenesis Imperfecta
under hydrated conditions. However, since many papers in a variety of journals dealing with
collagen-based tissues continue to investigate properties in fixed, dehydrated or otherwise
altered/manipulated samples, a secondary goal of this study was to determine how the Brtl/+
phenotype changes upon drying of the tissues. AFM was used to image and indent
minimally-processed Type I collagen fibrils in wet and dry conditions. As noted in Brtl/+
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bone (Wallace et al., 2011), phenotypic changes in the fibril ultrastructure were detected in
tendon. In wet samples, the population distribution of D-periodic spacing was shifted
downward, but was not accompanied by nanoscale mechanical changes. The phenotype
differed in dried samples where the population of D-period spacings was shifted upward in
Brtl/+ tendons versus controls, and was accompanied by significant increases in modulus
and adhesion force and decreased indentation depth. Further investigations into the
mechanism behind these alterations in morphology and mechanics are currently under way.

Several groups have used AFM to study hydrated collagen (Bozec and Horton, 2005;
Cisneros et al., 2006; Grant et al., 2009; Yang et al., 2008), but few have performed
systematic work in situ in native tissues (Balooch et al., 2008; Baselt et al., 1993; Raspanti
et al., 2001) (i.e. collagen that was not acid solubilized and reconstituted). Collagen absorbs
water and swells, so imaging in fluid often leads to degraded image resolution and quality,
making it difficult to quantitatively assess images. In addition, the D-period spacing is often
not resolvable when fibrils are wet (Baselt et al., 1993). There were qualitative differences in
wet versus dry tendons in this study (Fig. 2). Fibrils were flatter and wider when dry for both
WT (A vs. B) and Brtl/+ (C vs. D) samples. Fibrils were almost always packed together in
the lateral direction with no space between adjacent fibrils, making it impossible to
accurately measure the width of individual fibrils since the entire width was not exposed. It
was also not possible to measure fibril height since there was no exposed substrate to define
as zero, and no way of knowing if the fibrils were in a single layer. Regardless, flatter and
wider fibrils in dry versus wet samples were consistently observed. In addition, a variety of
objects were present on the surface of wet fibrils (Fig. 2A and C). These objects are assumed
to be other non-collagenous proteins and fragments of the endotenon which surrounds each
fascicle (Jozsa et al., 1991). Because of their movement, these loose objects presented
another challenge to the imaging of hydrated fibrils.

The D-period has been used to characterize collagen in a variety of tissues (Wallace et al.,
2010b), and to demonstrate tissue changes with disease (Fang et al., 2012; Wallace et al.,
2011, 2010a). Here, the D-period distribution of Brtl/+ fibrils was shifted downward versus
WT when imaged wet, but distribution shapes were similar (Fig. 4). This downward shift
was driven by a greater number of fibrils with shorter spacings. In fact, 30% of Brtl/+fibrils
had spacings less the mean minus 1 standard deviation of the WT population. When dried,
the D-spacing phenotype was different with the Brtl/+ population shifted up relative to WT
(Fig. 5). This change in dried fibrils is not the same as previously reported in Brtl/+bone
(Wallace et al., 2011). The discrepancy could be due to the presence or absence of mineral
or the difference in animal age between the studies. Both possibilities will be explored in
future experiments.

The reason for hydration dependence in the morphological phenotype may be found in the
fact that there was a differential change in WT versus Brtl/+ fibrils as they dried
(Supplemental Fig. S1a). In WT, there was a non-significant 0.4 nm increase in D-spacing
with drying (n = 4 per group; WT Wet: 68.2 ± 1.2 nm; WT Dry: 68.6 ± 0.8 nm, p = 0.200).
This change in WT fibrils was driven by a loss of fibrils with spacing less than 66 nm which
caused the WT population to become more uniform. In comparison, the entire Brtl/+
population shifted up to higher spacing values when dried (Supplemental Fig. S1b). The
mean change was a significant 1.4 nm increase in dry Brtl/+ fibrils (n = 4 per group, Brtl/+
Wet: 67.5 ± 1.4 nm; Brtl/+ Dry: 68.9 ± 1.0 nm p < 0.001). This differential change with
drying could be indicative of an alteration of the internal structure of Brtl/+ fibrils. Water
may facilitate bridging around and within collagen fibrils which tightens/compresses the
structure leading to a population with more shorter-spaced fibrils (Bella et al., 1995). This
condition can be thought of causing a pre-stress within the fibrillar structure. Altered
internal structure in Brtl/+ fibrils may be the reason why the Brtl/+ population is shifted
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down versus the WT populations when wet, as these fibrils may be more easily compressed
by the presence of water (Fig. 4). As water leaves and bridging is lost, the compressed fibrils
relax and expand. Fibrils that are initially more compressed may have more of an ability to
expand versus fibrils already in an expanded confirmation causing a loss of fibrils with
shorter spacing in both the WT and Brtl/+ samples. Since the Brtl/+ population had more
fibrils with shorter spacings versus WT in the wet state (Fig. 4), this could account for the
differential change with drying. A second possible impact may explain the observation here
and elsewhere that fibril height is decreased with dehydration (Grant et al., 2009). The
Poisson Effect states that shrinkage in the z-direction (height) should be accompanied by
expansion in the radial (y) and axial (x) directions (Beer et al., 2008). The combination of
decreased height (z direction), increased width (y direction) and increased D-spacing (x
direction) with dehydration are all consistent with this effect.

A goal of the current study was to understand how the collagen D-spacing changes as a
function of hydration. Previous work in dentin showed that drying causes a relatively narrow
distribution of D-spacing values to shift to lower values and to split into sub-populations
(Habelitz et al., 2002). Results here differed from this previous work. In WT and Brtl/+
fibrils, populations became more uniform and shifted towards higher spacing values with
drying (Supplemental Fig. S1). The reason for these conflicting results may be the way in
which D-spacing was measured (2D FFT here versus 1D FFT in the previous work).
Another possibility is that mineral in dentin could be an important factor in determining D-
spacing. A final possibility is that fibrils here were imaged in water while the previous study
imaged in a balanced salt solution. Mechanical properties of individual fibrils are influenced
by salt concentration (Grant et al., 2009), so the lack of salt in the current study may alter the
D-spacing as well.

Mechanical differences between WT and Brtl/+ fibrils also had divergent phenotypes in dry
and wet conditions. Under hydrated conditions, the only convincing difference between Brtl/
+ and WT samples was in the population distribution of adhesion force (Fig. 6D). The Brtl/+
population was shifted to lower adhesion forces than the WT population with a long tail
towards higher forces. Adhesion was a driving force behind energy dissipation with loading
(Fig. 7), an important observation which could be indicative of changes at the surface of the
diseased fibrils. However, the effect was mild and not related to other parameters. When
dried, the phenotype was more compelling for all mechanical properties (Fig. 8). A
population shift towards higher modulus in Brtl/+ fibrils led to decreased indentation depth
versus WT fibrils (p < 0.001 for both). However, a comparison of the mean values averaged
over each sample (n = 4 per genotype) showed a non-significant difference for both
properties (p = 0.129 for modulus, p = 0.083 for indentation depth). Given the 37% increase
in modulus in the Brtl/+ fibrils, the lack of significant difference is likely due to variance in
the data. A post hoc power analysis indicated that for a value of α = 0.05 and a power of
0.80, a sample size of n = 13 mice would be required. This sample size is not realistic for an
AFM study, but future studies will use this information to increase the probability of
detecting mean differences in mechanical properties.

It is postulated that the lack of mechanical phenotype in wet fibrils versus the compelling
and significant phenotype in dry fibrils is related to detrimental alterations to the internal
structure of the Brtl/+ fibrils discussed above. In fluid, fibrils absorb water, become taller
and pre-stressed. Water bridges the damaged structure and may be able to carry some of the
compressive load as a fibril is indented, masking changes in structure which may be present.
As water is lost, the damaged structure collapses driving a large change in D-spacing and the
resulting mechanical changes compared with WT fibrils. Recent computational work
indicated that free energy changes as a function of OI point mutations in model collagen
molecules (Lee et al., 2011). Others have studied how amino acid sequence changes lead to
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packing differences in collagen molecules which may contribute to compromised
mechanical integrity (Bella et al., 1994; Gautieri et al., 2009a,b). Although the model
mechanical tests were performed in tension, their results are supportive of conclusions
drawn here.

Some weaknesses in this study deserve noting. Indentations were in the z-direction but D-
spacing is an axial measure, a difference which may explain why relationships between D-
spacing and mechanical properties were weak (Tables 2 and 4). Future studies will
investigate other methods to test individual fibrils in the axial direction using AFM-based
approaches (Graham et al., 2004; Svensson et al., 2010; Yang et al., 2008). Because of fibril
stiffening with drying, different probes, loads and contact mechanics models were needed
for wet and dry samples (Grant et al., 2008). Despite these limitations, significant changes in
mechanical properties did occur with drying in each genotype. As an example, there was a
two order of magnitude increase in modulus with drying in both genotypes (Supplemental
Fig. S2). These limitations may make it challenging to directly compare mechanical
properties from wet and dry fibrils using AFM alone, but the techniques did uncover
important changes in nanoscale morphology and mechanical properties with disease.

In conclusion, this study in minimally processed tendons demonstrated significant
phenotypic changes in Brtl/+ collagen fibril morphology and mechanics, a phenotype which
is altered upon dehydration of the tissue. Morphological phenotypes differed in wet and dry
samples, with dried tendons displaying a more compelling downward shift in fibril D-
periodic spacing versus a shift up in wet tendons. A nanoscale change in morphology in dry
samples was accompanied by significant increases in modulus and adhesion force and
decreased indentation depth. Little mechanical phenotype existed in hydrated samples,
possibly due to water masking structural defects within the diseased fibrils. This study
demonstrates that morphological and mechanical changes that are present in this collagen-
based disease model are altered upon dehydration of the tissue. Dehydration and other
manipulations to native tissues can cause artifacts in biological samples which require water.
This factor must be considered for studies at any length scale in collagen-based tissues,
especially when characterizing disease-induced differences.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.jsb.2012.09.012.
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Fig. 1.
schematic force-separation curve. The AFM cantilever/probe was used as an indentation
device. Four to five locations along the length of individual fibrils were indented to 20 nN
(wet) or 50 nN (dry). From the resulting curve, indentation depth, energy dissipation and
adhesion force were determined. Indentation modulus of the sample was calculated
following a contact mechanics-based approach described in the text.
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Fig. 2.
Representative images from hydrated and dehydrate tendon samples. Four groups were
imaged in the current study, and are represented here in 5 × 5 μm atomic force microscope
(AFM) images. Panel A is an image from the wild type (WT) wet group, Panel B is WT dry,
panel C is Brtl/+ wet and panel D is Brtl/+ dry. Qualitatively, there were readily observable
differences in wet versus dry tendon samples. Fibrils are flatter and wider in dry versus wet
conditions for both the WT and Brtl/+ samples. A variety of other objects are apparent on
the surface of fibrils when wet (A and C). These objects are assumed to be other non-
collagenous proteins as well as fragments of the endotenon which surrounds each individual
fascicle.
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Fig. 3.
Boxplot representation of D-Periodic Spacing. The box is the interquartile region (middle
50% of the data), the horizontal line inside of the box is the median, and the diamond is the
mean. The whiskers on the box are the minimum and maximum observation for that sample.
The boxplot represents all measured fibrils from a given group. All measurements within
each tendon samples were averaged to yield the mean fibril spacing for that tail, then the 4
wild type (WT) values were compared with the 4 Brtl/+ values in wet and dry conditions.
The indicated p value is for these comparisons and indicates no significant difference
between WT and Brtl/+ samples in wet or dry conditions.
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Fig. 4.
Histogram and cumulative distribution function for D-periodic spacing measured in wet
samples. Panel A shows the histogram and panel B shows the Cumulative Distribution
Function (CDF) computed from the measurements in each group. Both the histogram and
the CDF indicate that the Brtl/+ tendon populations were shifted downward in comparison to
their wild type (WT) counterparts, although the shape of the 2 populations were similar. A
Kolmogorov–Smirnov test, indicated a significant difference in populations in Brtl/+ versus
WT tendons.
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Fig. 5.
Histogram and cumulative distribution function for D-periodic spacing measured in dry
samples. Panel A shows the histogram and panel B shows the Cumulative Distribution
Function (CDF) computed from the measurements in each group. A clear difference
between histograms is not immediately apparent, although the Brtl/+ population may be
slightly shifted upwards. The CDF indicates that the populations are very similar up to about
68 nm, then the wild type (WT) population climbs while the Brtl/+ population is delayed,
spreading values towards larger spacing. A K–S test indicated that the D-periodic spacings
were significantly different between the two groups (p < 0.001).
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Fig. 6.
Mechanical measures from hydrated tendon samples. Mechanical comparisons were made
for all indentations within each genotype (n = 555 for wild type (WT), n = 614 for Brtl/+).
Histograms and cumulative distribution functions (CDFs) were produced for each property
and statistically compared using KS tests There were no significant differences in elastic
modulus (A), indentation depth (B) or energy dissipation (C) between WT and Brtl/+
samples. There was, however, a significant difference in adhesion force (D).
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Fig. 7.
Linear regression between adhesion force (independent) and energy dissipation (dependent).
In wild type (WT) and Brtl/+ fibrils, under hydrated and dry conditions, a strong and
positive relationship existed between energy dissipation and adhesion force. This
relationship suggests that adhesion may be the mechanism behind energy that is dissipated
with loading.
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Fig. 8.
Mechanical measures from dehydrated tendon samples. Mechanical comparisons were made
for all indentations within each genotype (n = 464 for wild type (WT), n = 479 for Brtl/+).
Histograms and cumulative distribution functions (CDFs) were produced for each property
and statistically compared using KS tests As opposed to the wet condition, there were
significant mean differences between the WT and Brtl/+ fibrils for elastic modulus (A),
indentation depth (B) and adhesion force (D), but no difference for energy dissipation (D).
Population differences were particularly compelling for modulus and indentation depth,
where the Brtl/+ fibrils were on average 37% stiffer leading to 23% lower indentation depth
for the same indentation force.
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Table 2

Correlations between D-spacing and mechanical measures from individual fibrils in wet samples
(n = 112 WT, n = 124 Brtl/+).

WT correlations (Wet) Brtl/+ correlations (Wet)

r value p value r value p value

D-spacing vs. modulus −0.027 0.776 −0.081 0.369

D-spacing vs. Indentation depth −0.068 0.476 0.056 0.536

D-spacing vs. energy dissipation −0.237 0.012 −0.047 0.608

Modulus vs. energy dissipation −0.289 0.002 −0.294 <0.001

Indentation depth vs. energy dissipation 0.409 <0.001 0.342 <0.001
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Table 4

Correlations between D-spacing and mechanical measures from individual fibrils in dry samples
(n = 101 WT, n = 109 Brtl/+).

WT correlations (Dry) Brtl/+ correlations (Dry)

r value p value r value p value

D-spacing vs. modulus 0.036 0.724 0.199 0.038

D-spacing vs. indentation depth −0.084 0.401 −0.200 0.037

D-spacing vs. energy dissipation −0.140 0.162 −0.174 0.070

Modulus vs. energy dissipation 0.095 0.343 −0.330 <0.001

Indentation depth vs. energy dissipation −0.130 0.195 0.330 <0.001
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Table 5

Correlations between D-spacing and mechanical measures from all individual fibrils pooled (n = 446).

r value r2 value p value

D-spacing vs. modulus 0.298 0.089 <0.001

D-spacing vs. indentation depth −0.266 0.071 <0.001

D-spacing vs. energy dissipation 0.022 0.001 0.639

Modulus vs. energy dissipation 0.287 0.082 <0.001

Indentation depth vs. energy dissipation −0.313 0.097 <0.001

Adhesion force vs. energy dissipation 0.832 0.692 <0.001
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