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Summary

Knowledge of the collagen structure of an Achilles tendon is
critical to comprehend the physiology, biomechanics, home-
ostasis and remodelling of the tissue. Despite intensive studies,
there are still uncertainties regarding the microstructure. The
majority of studies have examined the longitudinally arranged
collagen fibrils as they are primarily attributed to the principal
tensile strength of the tendon. Few studies have considered
the structural integrity of the entire three-dimensional (3D)
collagen meshwork, and how the longitudinal collagen fib-
rils are integrated as a strong unit in a 3D domain to provide
the tendons with the essential tensile properties. Using sec-
ond harmonic generation imaging, a 3D imaging technique
was developed and used to study the 3D collagen matrix in
the midportion of Achilles tendons without tissue labelling
and dehydration. Therefore, the 3D collagen structure is pre-
sented in a condition closely representative of the in vivo status.
Atomic force microscopy studies have confirmed that second
harmonic generation reveals the internal collagen matrix of
tendons in 3D at a fibril level. Achilles tendons primarily con-
tain longitudinal collagen fibrils that braid spatially into a
dense rope-like collagen meshwork and are encapsulated or
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wound tightly by the oblique collagen fibrils emanating from
the epitenon region. The arrangement of the collagen fibrils
provides the longitudinal fibrils with essential structural in-
tegrity and endows the tendon with the unique mechanical
function for withstanding tensile stresses. A novel 3D micro-
scopic method has been developed to examine the 3D collagen
microstructure of tendons without tissue dehydrating and la-
belling. The study also provides new knowledge about the
collagen microstructure in an Achilles tendon, which enables
understanding of the function of the tissue. The knowledge
may be important for applying surgical and tissue engineer-
ing techniques to tendon reconstruction.

Background

The Achilles tendon is the largest tendon in the human body
that is subjected to repetitive use and substantial mechan-
ical forces, potentially leading to injury, degeneration and
tendinopathy (Schepsis et al., 2002; Wren et al., 2003; Huang
et al., 2004; Kujala et al., 2005; Hess, 2009; Aparecida de
Aro et al., 2012). Collagen (mainly type I collagen) is the
most abundant constituent of the extracellular matrix (ECM)
of tendons and plays a central role in the tissue’s mechani-
cal function (Fratzl et al., 1998; Gelse et al., 2003; Kuijpers
et al., 2004; Provenzano & Vanderby, 2006). Thus, the col-
lagen structure has been extensively studied to comprehend
the physiology and function of tendons (Harvey et al., 2009;
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Liu et al., 2011), resulting in establishing nomenclature sys-
tems to describe the hierarchical characteristics of the collagen
structure in the tendon (Kastelic et al., 1978; Kannus, 2000;
Screen et al., 2005; Doroski et al., 2007; Harvey et al., 2009;
Smith et al., 2013). However, the nomenclature systems ex-
isting in the literature mainly depict the collagen orienting
longitudinally in the inner region. They are inferred by ex-
cluding the collagen comprising the epitenon and paratenon.
The epitenon and paratenon also have an important role in
the physiology and function of tendons (Stecco et al., 2014).

Also, the hierarchical collagen structure has been described
differently in various studies. There are still some unanswered
questions such as whether tendons are made up of continuous
collagen fibrils and whether there are collagen fibres of 10—
50 um thick in tendons which are made up of collagen fibrils.
So far, no study has used an image to demonstrate that there
are collagen fibres in a tendon that consist of collagen fibrils.
The hypothesis that tendons contain collagen fibres which
are made up of collagen fibrils was mainly derived from link-
ing different studies using microscopy with different imaging
resolution.

A tendon acts to transfer tensile stresses, which are largely
supported by the collagen in the inner region aligning longi-
tudinally to the direction of the principal tensile stresses in the
tissue (Benjamin et al., 2008). Like many other tissues consti-
tuting the musculoskeletal system, the collagen in a tendon
forms into a 3D network which must possess essential struc-
tural integrity to allow the tissue to perform its function. De-
spite this, there have been relatively few studies investigating
how the longitudinal collagen fibrils are connected or bonded
strongly into a single unit that enables the tendon to sustain
the tensile loads and possible transverse and torsional stresses
(Provenzano & Vanderby, 2006). Therefore, the collagen
structure in the Achilles tendon requires more comprehensive
investigation.

There are many microscopic techniques available for study-
ing the microstructure of a tendon. Optical and polarized mi-
croscopies do not possess sufficient imaging resolution to dis-
tinguish the collagen fibrils in a tendon. Electron microscopy
(EM) has ultrahigh imaging resolution for studying the char-
acteristics of collagen fibrils but requires an extreme imaging
environment including excessive tissue dehydration in scan-
ning EM (SEM) or ultrathin tissue sectioning in transmission
EM (TEM), potentially causing artefacts. Also, EM does not
possess three-dimensional (3D) imaging capabilities for direct
studies of the internal collagen microstructure of a tendon.
Confocal microscopy offers a method for studying the collagen
structure of a tendon in 3D but requires specific fluorescent
labelling of collagen. The degradation of fluorescent dyes can
cause inaccuracy and inconsistency (Pawley, 1995).

Collagen fibrils are polymerized tropocollagen molecules
of about 300 nm long and 1.5 nm diameter (Fratzl et al.,
1998; Gelse et al., 2003; Cisneros et al., 2006; Provenzano &
Vanderby, 2006; Liu et al., 2011). A tropocollagen consists of

right-handed triple helices of coiled procollagen polypeptide o
chains that are composed of left-handed triple helices of amino
acid sequence chains. There are staggers of approximately 67
nm long between the tropocollagen molecules, which are be-
lieved to enhance the tensile strength of the collagen fibrils
(Torchia et al., 1982). Thus, collagen fibrils present distinc-
tively periodic regions called ‘D bands’ or ‘periodic bands’ un-
der EM and AFM.

Due to the noncentrosymmetrical molecular structure and
crystalline assembly (Prockop & Fertala, 1998), collagen pos-
sesses birefringent or polarizing properties that disperse the
passing through light in the long wavelength spectrum into
short wavelength light (Campagnola & Loew, 2003; Cox et al.,
2003; Pena et al., 2005; Chen et al., 2012). Under a high-
intensity laser in a near-infrared spectrum, collagen gener-
ates very strong second harmonic generation (SHG) resultant
light with a wavelength in the visible spectrum for SHG imag-
ing (Pena et al., 2005; Chen et al., 2012; He et al., 2014).
Fibrillar form collagen such as types I and II collagen have a
much more crystalline structure; hence, they produce strong
SHG signals, which enables SHG imaging (Cox et al., 2003;
Chen et al., 2012). As SHG is an intrinsic optical property of
noncentrosymmetrical and crystalline substances, SHG imag-
ing does not cause photobleaching nor does it require tissue
labelling and dehydration. Moreover, SHG imaging requires
multiphoton laser excitation. Therefore, it naturally inherits
3D imaging capabilities to acquire high-resolution images of
the internal collagen microstructure of biological tissues with-
out need of a pin hole (Chen et al., 2012).

It is hypothesized that the midportion of Achilles tendons
contains an intrinsically complex 3D collagen matrix that
can be studied comprehensively using SHG imaging, and the
collagen fibrils in the epitenon uniquely orient to enhance
the microstructural integrity of the inner collagen matrix,
endowing the tendon with the essential microstructural in-
tegrity and tensile strength. SHG microscopy would provide
high-resolution images of the tendon collagen fibrils for quan-
titative 3D characterization of the orientation of the collagen
fibrils using computer imaging analysis techniques. This study
would provide new knowledge regarding the collagen mesh-
work in Achilles tendons for comprehending the function of
the tissue and improvement of surgical or tissue engineering
strategies for tendon repair. Potentially, the study could lead
to development of a novel imaging technique for assessing the
physiology of Achilles tendons without tissue dehydration and
labelling.

Methods

Specimens

Five Achilles tendons were harvested on a daily basis from five
white New Zealand rabbits (three are male) of about 20 weeks
old immediately after the animals’ euthanasia. The specimens
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had a normal appearance and were from both left (n = 2) and
right (n = 3) hind limbs. The use of the animals was approved
by the animal ethic committee of the University of Western
Australia (RA/3/100/1049).

After carefully cleaning the sheath materials surrounding
a tendon, a glistening white tendon specimen of about 5 mm
long was dissected from the midportion of the tendon. The
specimen was embedded in Tissue-Tek optimum cutting tem-
perature compound (OCT compound, Sahura Finetek USA.
Inc., Torrance, CA, USA) for cryo-microtoming. Seven lon-
gitudinal cryosections were microtomed consecutively from
the specimen using a Leica cryo-microtome (Leica Cryosta
CM30508S, Leica Microsystems, Wetzlar, Germany) at —20°C.
The cryosections were placed gently on normal nonadhesive
glass slides (ensuring a zero external stress state) and covered
with glass coverslips before they were sealed using sticky tape
and numbered consecutively. A cryosection was 50 um thick.

The first five cryosections from each specimen were used for
studying the 3D collagenous structure in the Achilles tendon
using SHG imaging. The remaining cryosections (total n =
2 x 5 = 10) were divided into two groups. The first group
was used to validate whether SHG reveals the 3D collagen
microstructure at a fibril level using AFM. The second group
was used to assess whether the collagen fibrils in Achilles
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tendons are continuous filaments. Sections that could not be
imaged immediately were sealed in a container and stored at
—20°C for no more than 2 days. Five additional midportion
specimens (each of about 5 mm long) were also cut from the
five Achilles tendons for parallel traditional H&E histology.
Figure 1 summarizes the experimental method used in this
study.

SHG imaging

A Leica multiphoton confocal microscope (Leica TCS SPII
AOBS, Leica Microsystems) equipped with a 63 X/NA1.40
oil immersion objective lens (HCX PL APO CS) was used in
this study. The microscope offers lasers of different wave-
lengths including a near-infrared multiphoton (NIMP) laser
tuneable from 710 to 990 nm (Spectra Physics Main Tai
Sapphire).

The excitation laser was tuned to 890 nm to generate the
SHG signals of the collagen in an unstained tendon section.
The selection of the laser was determined from previous stud-
ies (He et al., 2013b; He et al., 2014). The resultant SHG sig-
nals were collected by a photomultiplier tube (PMT) detec-
tor at 445 nm (exactly half the wavelength of the excitation
laser) via a transmission channel. An SHG image stack was
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Fig. 1. Schematic diagram of the experimental procedure.
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Fig. 2. (A) and (B) Representative images of the collagen fibrils at the edge of the epitenon of an Achilles tendon. (C) A representative image of the collagen
fibrils adjacent to the longitudinal collagen fibrils. (D)—(F) Corresponding HSBCIs in which colours are used to highlight the orientation of the collagen
fibrils. (G)—(J) Corresponding fibril directional analysis shows that the orientation of the collagen fibril in the region is spread from —90° to 90° with

respect to the x-axis.

acquired using the Leica Confocal Software supplied within the
microscope at an image step size of 1 um. An image stack
composed of a 2D image series was acquired at 1024 x 1024
pixels over an imaging field of the view (FOV) of a 240 pum x
240 pm. Four image scans were averaged to produce a 2D
image to eliminate noise, which was determined to be ap-
propriate from preliminary tests. To achieve a comprehensive
understanding of the collagen microstructure in a tendon,
SHG image stacks were acquired at five different locations in a
cryosection.

3D image reconstruction and quantitative imaging analysis

Image] (Rasband, 1997-2014) was used to reconstruct the
SHG image stacks into 3D images for visually studying the
3D arrangement of the collagen fibrils in the midportion of
Achilles tendons. In cases where an image stack contained
collagen fibrils from the epitenon to inner region of a tendon
(e.g. Figs. 2 and 3), the image stack was optically divided
into several smaller imaging stacks for 3D reconstructing and
visual examining so that the critical orientation characteristics

© 2017 The Authors
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Fig. 3. (Continuing from Fig. 2). (A) and (B) The collagen fibrils immediately adjacent to the longitudinal collagen fibrils align in distinctive patterns to
wrap around the longitudinal collagen fibrils. (C) The longitudinal collagen fibrils in the inner region of an Achilles tendon responsible for the principal
tensile strength of the tendon. (D)—(F) Corresponding HSBCIs highlight the orientation of the collagen fibrils in the region. (G)—(J) Corresponding fibril

directional analysis.

of the collagen fibrils in the relevant region could be clearly
revealed (e.g. Figs. 4A-D).

Orientation] plug-in (Rezakhaniha et al., 2012) in Image]
was used to quantitatively analyse the orientation characteris-
tics of the collagen fibrils from the epitenon and inner regions.
Orientation] applies a structure tensor to examine the grey-
level value of pixels in the local neighbourhood of a digital
image to identify if the pixels have isotropic or anisotropic
features (Jahne, 1993; Jahne, 1997; Rezakhaniha et al.,

© 2017 The Authors
Journal of Microscopy © 2017 Royal Microscopical Society, 266, 273-287

2012). Pixels with a high-energy value denote anisotropic and
directional features. Conversely, pixels with lower energy lev-
els represent isotropic and less directional characteristics.
Thus, Orientation] measures the orientation features of the
objects in the digital image (Jahne, 1993; Bigun et al., 2004).
Orientation] has been proven to be a very useful tool for quan-
tifying in 3D the orientation characteristics of the collagen
fibrils in arterial walls and articular cartilage (Rezakhaniha
etal., 2012;Heetal., 2013a).
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Fig. 4. Corresponding 3D images reconstructed show the characteristics of the collagen fibrillar matrix in the epitenon (A—C) and inner region (C and D)
of an Achilles tendon. (The images are reconstructed from an SHG image stack shown in Figures 2(A)—(C) and Figures 3(A)—(C).

The Distribution function within Orientation] was used to
map the orientation of the collagen fibrils of Achilles tendons
in the epitenon and inner region. A hue-saturation-brightness
colour-coded image (HSBCI) in which colours were used to
highlight the orientation of collagen fibrils from —90° to +
90° with respect to the x-axis (e.g. Figs. 2D-F and 3D-F). The
predominant orientation of the collagen fibrils was also shown
using an orientation graph (e.g. Figs. 2G-J and 3G-]).

The dominant-direction algorithm within Orientation]
(Rezakhaniha et al., 2012; He etal., 201 3a) was used to quan-
tify the depth-dependent orientation and coherency of the col-
lagen fibrils from the epitenon to inner region (e.g. Figs. 6 and

7CandD). The fibril orientation was expressed in degrees from
0° to 180° with respect to the x-axis in the 2D image series of
an image stack. The coherence parameter has a value between
0 and 1. A value of 1 indicates that the collagen fibrils exhibit
strongly anisotropic and coherent characteristics. Conversely,
a value of 0 indicates that the collagen fibrils display isotropic
and less coherent features.

Validating SHG reveals the collagen fibrils in tendons
Although SHG microscopy is a unique imaging technique for

visualizing collagen without tissue dehydrating and labelling,

© 2017 The Authors
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Fig. 5. (A) AFM shows the dense basket woven longitudinal collagen fibrils in the inner region of an Achilles tendon. (B) A 3D topography of the AFM

image.

it was unknown whether it reveals the collagen fibres or fib-
rils of a tendon as the collagen is displayed as ordinary (or
featureless) wires or threads in SHG images. Since AFM has a
superior imaging resolution for distinguishing collagen fibrils
without tissue dehydration and labelling, it was used to mea-
sure the diameter of the collagen fibrils of the tendon. After
the diameter of the collagen displayed by SHG was measured,
it was compared to the diameter of collagen fibrils measured
from AFM. Thus, we know if SHG reveals the internal collagen
structure of Achilles tendons at a fibril level or not. The method
is detailed below.

® Measuring the diameter of collagen in SHG

The dense microstructural arrangement of the collagen
in tendons (Figs. 4 and 7) prevents accurately measuring
the diameter of individual collagen filaments directly from
the SHG images. Therefore, the individual collagen filaments
composing a tendon cryosection (n = 5) were separated (iso-
lated) from the tendon to obtain SHG images of the collagen
(Fig. 8A). Specifically, after a cryosection was thawed com-
pletely on a glass slide at room temperature, a volume of 1000
uL Phosphate buffered saline (PBS) was dropped on the sam-
ple to wash and separate the collagen construction from the
cryosection for SHG imaging, as shown in Figures 8(A)—(C).
The plot profile function in Image]J (Rasband, 1997-2014) was

© 2017 The Authors
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Table 1. Diameter of collagen and collagen fibrils in Achilles tendons
measured using SHG and AFM.

Diameter of collagen in SHG
Diameter of collagen fibrils in AFM

0.41-0.50 um
0.37-0.45 pm

then used to acquire intensity profiles containing the width in-
formation of collagen filaments (Fig. 8D) from a series of 2D
SHG images (Fig. 8A). Since the intensity profiles displayed a
typical Gaussian normal distribution (Fig. 8D), the diameter
or thickness of the collagen filaments was determined at the
full width at the half maximum intensity (FWHM), as shown
in Table 1.

® Measuring the diameters of collagen fibrils using AFM

Five cryosections were fully thawed at room temperature,
respectively, for acquiring AFM images of the collagen fibrils
in-situin physiological saline solution using a Bruker FastScan
AFM (Dimension FastScan, Bruker, CA, USA). AFM imag-
ing was performed in Tapping Mode with FastScan-B probes
(spring constant: 1 N/m, resonant frequency: 300 kHz).

The AFM images were rendered and analysed using
Gwyddion software (Necas & Klapetek, 2012), as shown in
Figure 8(E) where the colour-encoded scale bar (Fig. 8E) shows
the vertical profile of the collagen fibrils. After levelling the
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Fig. 6. (A) Quantitative analysis of the orientation of the collagen fibrils in the midportion of an Achilles tendon (from the epitenon to inner region). (B)
Quantitative analysis of the fibril coherence of the collagen fibrils from the epitenon to inner region.

data, the diameters of the collagen fibrils were measured using
the distance measurement tool within the Gwyddion software.
To study the spatial morphology and arrangement of the col-
lagen fibrils, 3D topographies were also reconstructed from
the AFM images using the 3D display and visualization tool
within the GWYddion software, as shown in Figure 8(F).

Comparing the collagen diameters measured from both SHG
and AFM images, as shown in Table 1, it can be determined
whether SHG permits observing the 3D collagen structure at
a fibril level or not. AFM images at a low magnification are
also acquired to show the basket weave characteristics of the
longitudinal collagen fibrils in tendons (Fig. 5).

e Validation of the continuity of collagen fibrils
To further determine if the collagen fibrils are long contin-

uous filaments in tendons, a small portion of 2D image se-
quences in an SHG imaging stack containing the morphology

or dimensions of collagen fibrils were optically extracted to re-
construct the maximum intensity projection image (MII) (e.g.
Fig. 8B) and 3D image (e.g. Fig. 8C) using Image] (Rasband,
1997-2014). An MII is made by combining pixels with the
maximum intensity values of the 2D image sequences along
the z direction. It represents a view of all the data in the 2D
image sequences as if all of the 2D images were combined into
a single image showing only in focus information. Therefore,
from the MIIand 3D image, we can determine that the collagen
fibrils in the Achilles tendons are long continuous fibrils.

Results

Imaging techniques and collagen substance in SHG

SHG and AFM permit studying the collagen fibrils in tendons
at different microscopic scales. SHG does not have imaging
resolution to resolve the symbolic periodic bands of collagen

© 2017 The Authors
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Fig. 7. The front (A) and back view (B) of a typical 3D image of the longitudinal collagen fibrils in the inner region of Achilles tendons. As shown, the
collagen fibrils braid spatially (small blue arrows) to form a rope like network, which increases the stability of the collagen fibrils and endows the tendon
with the tensile strength. (C) Orientation analysis shows the collagen fibrils in the inner region orient in one direction at approximately 11° (with respect
to the x-axis). (D) Coherence analysis shows that the collagen fibrils in the inner region of an Achilles tendon have a high coherence value of about 0.8.

fibrils (collagen fibrils are shown as strings in SHG images) but
it offers visualizing the collagen fibrillar arrangement of the
collagen network in tendons without a need of tissue dehydra-
tion and labelling (Figs. 2—4).

Although AFM does not have a vertical imaging range com-
parable to that of SHG for studying the internal microstruc-
ture of the collagen fibrils, it has imaging resolution for dis-
tinguishing the periodical bands and measuring the diameter
of collagen fibrils without dehydrating and labelling the tis-
sues (Figs. 8E and F). The measurement data from AFM imag-
ing indicate that the collagen fibrils primarily composing an
Achilles tendon have a diameter range from 0.37 to 0.45 pm
(Table 1). In comparison, the collagens revealed in SHG im-
ages have a diameter range of 0.41-0.50 um (Table. 1). The
comparable measurement of the collagen in SHG with that
of collagen fibrils in AFM indicates that SHG reveals the 3D
collagen microstructure of an Achilles tendon at a fibril level.
In addition, the 3D AFM topography (Fig. 8F) shows that as
the primary constituent of the ECM of an Achilles tendon, the
collagen fibrils have an approximately cylindrical shape.

© 2017 The Authors
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The 3D collagen meshwork of an Achilles tendon

SHG images show that the midportion of an Achilles ten-
don contains an intrinsically complex collagen meshwork,
as shown in Figures 2(A)—(C), 3(A) and (C), 4 and 9(A)
and (B). The collagen fibrils, which orient longitudinally in
a direction compliant to the principal tensile stresses in the
tendon (long blue dash arrows in Figures 2A, 3C, 4D, 6A
and 9A), occupy the core and majority volume of the 3D
tendon collagen matrix (Figs. 4C and D, 7A and B and 9A
and B).

The longitudinal collagen fibrils spatially braid or basket
weave (small blue arrows in Figs. 3C, 4D, 7A and B and 9A)
into a dense collagen matrix (Figs. 3C, 4D and 7A and B),
which is entrapped or wound by the collagen fibrils emanat-
ing from the epitenon (Figs. 2A-C, 3A and B, 4A—C and 9A).
Hereby, a robust 3D collagen meshwork forms in the tendon.
With the microstructural arrangement of collagen, the lon-
gitudinal collagen fibrils are endued with the essential struc-
tural integrity to function as a unit responsible for the tensile
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Fig. 8. (A) A typical 2D image in an SHG image stack used for measuring the diameters of the collagen filaments. The image also shows that the collagen

fibrils are continuous filaments in Achilles tendon (white arrow heads). (B) A maximum intensity image reconstructed from a small portion of 2D image

sequences in the SHG image stack further confirms that the longitudinal collagen fibrils are long continuous filaments. (C) A typical 3D image shows

the continuity of the longitudinal collagen fibrils in the inner region of an Achilles tendon (the fibrils were purposely separated using PBS for the SHG

imaging). (D) The intensity output of the diameter of collagen fibrils derived from Figure 8(A) was used to measure the collagen diameter using FWHM. (E)
An AFM image shows the longitudinal collagen fibrils in an Achilles tendon. (F) A 3D AFM topography shows the 3D profile of the longitudinal collagen

fibrils.

strength of the tendon. Basket weaving of the collagen fibrils
aligning longitudinally was also confirmed by AFM (Fig. 5).

It is worthy of a note that AFM also shows that the tendon
collagen matrix is also blended with a very small number of
collagen fibrils (presenting D-band features) whose diameter
is smaller than the primary collagen fibrils (blue arrows in
Fig. 5). Occasionally, the thinner collagen fibrils physically
entwine with the primary collagen fibrils (white arrow in
Fig. 5).

Due to the unloaded state, the longitudinal collagen fibrils
exhibit typical crimps in various sizes (Figs. 3C, 7A and B and
9A), which are highlighted in dark blue in the corresponding
HSBCIs (Figs. 3F and 9B). The narrow peak in the analytic
graph of fibril orientation (Fig. 3]) indicates that the orienta-
tion of the longitudinal collagen fibrils is strongly directional
and anisotropic.

Continuity of collagen fibrils

Due to the basket weave status of the longitudinal collagen
fibrils in the Achilles tendons, the collagen fibrils were shown
as short fibrils in SHG (only the in focus portion of the fib-
ril can be seen in each SHG image. The part under another
collagen fibril cannot be seen) (Figs. 4D and 7A and B). How-
ever, the SHG images of the collagen fibrils isolated from the
extra cellular matrix (ECM) of Achilles tendons (using PBS)
show that the longitudinal collagen fibrils are long continu-
ous filaments (Figs. 8 A—C). The fibrils appear to be the smallest
independent units directly responsible for the tensile property
of the tendons. SHG images also show that the collagen fib-
rils assemble directly into the tendon fascicles with a diameter
from 44 um to more than 300 um (yellow long arrows in Fig.
4D). There are not collagen fibre suggested to be 10-50 um
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Fig.9. (A) A 3D image shows the microstructural characteristics between the collagen fibrils in the inner and epitenon region (white double head arrow).
(B) Corresponding HSBCI highlights the distinctive arrangement of the collagen fibrils in the inner and epitenon region. (C) A histological image. Both
SHG and histology show splitting of the tendon fibrous matrix (white arrows in Figs. 9A and C) after loss of the reinforcement of the collagen fibrils in
epitenon. The splitting of the collagen matrix shown in Figure 9(A) appears to be resulted from the crimping of the collagen fibrils (highlighted as dark

blue in Fig. 9B). The hollow white arrows indicate the end of fascicles.

thick and composed by collagen fibrils with a diameter of 0.37—
0.50 um in the tendons. In other words, the collagen fibrils do
not assessable into collagen fibres but directly into the fasci-
cles. However, the fascicles do not necessarily extend the full
length of Achilles tendons (white hollow arrows in Figs. 3C,
4D and 9A), which is consistent with the traditional histology
(white hollow arrows in Fig. 9C).

The collagen fibrils in epitenon

The collagen fibrilsin the epitenon constitute a smaller fraction
of the tendon collagen matrix (Figs. 2A—C, 3A and B, 4A and D
and 9A and B). The diameter of these fibrils isin the same range
of the longitudinal collagen fibrils. However, the orientation
of the collagen fibrils in the epitenon is clearly not compliant
to that of the longitudinal collagen fibrils (Figs. 3B and C,
4C and D and 7A and B) and the principal tensile stresses in
a tendon. Near the edge of the tendon collagen matrix, the
orientation of the collagen fibrils is much less directional (Figs.
2A-C), which is demonstrated by the colours of the HSBCIs
(Figs. 2D and E). The analytic graphs of the fibril orientation
distribution (Figs. 2G and H) also confirm that the orientation
of the collagen fibrils varies from —90° to 90°. Although there
is a peak at about 40° to 50° in the graphs (Figs. 2G and H),
it does not correspond to the orientation of the longitudinal
collagen fibrils in the inner region (Figs. 3]). Also, the intensity
of the peak (which is at about 4500) is almost five times lower
than that of the longitudinal fibrils (Fig. 3]), further indicating
that the orientation of the collagen fibrils near the edge of the
tendon collagen matrix is strongly isotropic.

It is worth noting that in the region immediately adjacent
to the longitudinal collagen fibrils, the collagen fibrils are in-
terwoven into distinctive patterns perpendicular to each other
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(the white dash arrows in Figs. 3B and 4C) to firmly entrap the
longitudinal collagen fibrils. The structural characteristics of
the collagen fibrils in this region are highlighted by the cor-
responding HSBCI (Fig. 3D and E). The analytic graph of the
fibril orientation distribution (Figs. 3G and H) in this region
also indicates that the collagen fibrils are oriented from —90°
to 90°. There are two intensity peaks shown in the graph
(Fig. 3H). The first one at about 8° corresponds to the orien-
tation of the longitudinal collagen fibrils (coloured as cyan in
Fig. 3E). The second one at about 45° is related to the collagen
fibrils aligning at about 45° (coloured as purple in Fig. 3E).
The intensity of the peaks is much weaker than that of the
longitudinal fibrils (Fig. 3F).

The collagen fibrils in the epitenon region appear to act to
strengthen the microstructural stability of the longitudinal
collagen fibrils. A loss of the reinforcement derived from the
collagen fibrils in the epitenon, such as occurs due to physical
tissue sectioning, leads to disruption or ‘splitting’ of the colla-
gen meshwork composed of longitudinal fibrils (white arrows
inFig. 9A). Splitsin the collagen meshwork are also commonly
seen in traditional histology (white arrow in Fig. 9C) due to
the requirement of physically sectioning tendon tissues.

Quantitative analysis of the orientation of collagen fibrils

SHG microscopy provides sufficiently high imaging resolution
for quantitative analysis of the orientation and coherency of
the tendon collagen fibrils in 3D. Numerical analysis of the
fibril orientation characteristics along the z direction indicates
that the collagen fibrils in the epitenon and inner region have
distinctive orientation (e.g. Fig. 6A). In the epitenon region
(e.g. depth < approximately 25 um in Fig. 6A), the colla-
gen fibrils orient randomly in a range from 3° to near 40°,
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corresponding with the visual observations (Figs. 4A—C). In
the region immediately adjacent to the longitudinal collagen
fibrils (a depth range of 10-25 um in Fig. 6A), the orientation
value of the fibrils fluctuates markedly as the collagen fib-
rils align into two distinctive directions perpendicular to each
other (Figs. 4B and C). Approaching the inner region (depth >
25 um), the orientation value of the collagen fibrils becomes
almost a constant (at about 10°).

Analysis of the coherency value of the collagen fibrils along
the z depth indicates that the coherency value of the collagen
fibrils displays a clearly increasing trend from the epitenon to
inner region (Fig. 5B). Near the edge of the tendons, the colla-
gen fibrils have the lowest coherency value. Towards the inner
regions, the fibril coherency value consistently increases, and
becomes almost a constant at a maximum value of about 0.8
at the inner region (Figs. 6B and 7D). In particular, there is a
linear increase of the fibril coherency value (from about 0.35
to about 0.8) in the depth range of 20—-30 um (Fig. 6B). The
coherency value reaches a maximum plateau at about 0.8 in
the inner tendon region (Figs. 6B and 7D) as the collagen fib-
rils in the inner region of tendons align predominantly in one
direction (Figs. 4D and 7A and B).

Discussion

A tendon is naturally designed to primarily transfer tensile
stresses. However, in sports, exercise and accidents, the stress
exerted on a tendon may vary enormously including trans-
verse shearing and torsional stresses in addition to the tensile
stresses. The stress magnitude may exceed the physical toler-
ance of the tissue and cause a tendon rupture. Collagen, the
main constituent responsible for the mechanical properties of
tendons, possesses a tensile strength equivalent to a steel rope
when compared weight for weight (Ghadially, 1983). Despite
this, the tensile strength derived from an individual collagen
fibril is very limited. The formation of these fibrils as a collagen
network provides the collagen with the structural stability to
function as a unit. Therefore, both the physical properties and
structural arrangement of collagen influence the mechani-
cal performance of tendons. Despite intensive studies on the
collagen structure of tendons, knowledge about the collagen
fibrillary arrangement remained uncertain.

SHG and AFM are advanced microscopic techniques permit-
ting studies of the collagen structure in tendons without tissue
dehydration and labelling, which is desirable in research and
clinical applications. By using SHG and AFM, we have investi-
gated the 3D microstructural characteristics of collagen fibrils
in the midportion of Achilles tendons. The study has provided
new knowledge regarding how the longitudinal collagen fib-
rils are structurally integrated as a strong unit to bestow the
tendons with the essential mechanical properties.

Collagen is capable of self-assembly (Cisneros et al., 2006;
Doroski et al., 2007). Hydroxylation condensation in the ly-
sine residue and disulphide bonds at the cysteine have been

suggested to crosslink the tendon collagen fibrils (Doroski et al.,
2007), which bonds the collagen fibrils together. Many schol-
ars disagree that proteoglycans play a role in cross-linking col-
lagen fibrils in tendons but suggest the macroproteins only act
asalubricant forfibril sliding and hydrating the tissue (Proven-
zano & Vanderby, 2006). In this study, we have not examined
the covalent or molecular-level crosslinks or hydroxylation
condensation adhesions between the collagen fibrils. We have
studied and demonstrated how the collagen network in a ten-
don establishes the microstructural integrity to provide the
tissue with the mechanical function.

In a 3D domain, the longitudinal collagen fibrils interweave
into a dense rope-like collagen framework (Figs. 4G and 7),
which instils the structural stability of the collagen fibrils and
endows tendons with the tensile properties. The structural in-
tegrity of the longitudinal collagen fibrils appears to be further
enhanced by the entrapment of the oblique collagen fibrils
from the epitenon. Clearly, the formatting characteristics of
collagen fibrils discovered in this study permit the longitudi-
nal collagen fibrils to act as a strong unit to withstand the
tensile loads, and potential transverse and torsional stresses.
Asshown in Figures 8(A)—(C) and 9(A) and (C), with the loss of
the reinforcement from the collagen fibrils in the epitenon, the
inner rope-like collagen framework made up of longitudinal
collagen fibrils responsible for carrying the tensile stresses of a
tendon can be easily disrupted. The cracks or splits within the
collagen matrix shown in Figure 9(A) (white arrows) appear
to be caused by crimping of the longitudinal collagen fibrils
after the absence of the entrapment of the collagen fibrils in
the epitenon. In fact, cracks or splits of the ECM of tendons
are also commonly shown in traditional histology because the
physical sectioning requirement causes the loss of reinforce-
ment from the collagen fibrils in the epitenon, as shown in
Figure 9(C) (white arrow).

Previously, SEM and TEM studies on tendons have also
reported interwoven collagen fibrils aligning longitudinally
(Provenzano & Vanderby, 2006) but the observations were
much more localized and in 2D. Since SEM and TEM imaging
involves physically sectioning tissues into ultrathin sections,
the process could potentially reorganise the ultrastructure of
the collagen fibrils, leading to a debate regarding whether the
interweaving of the collagen fibrils observed was genuine or
artefacts related to tissue preparation.

SHG imaging possesses an intrinsic 3D imaging capability
for studying the internal microstructure of a tendon, eliminat-
ing artefacts possibly caused by ultrasectioning of a tissue. The
imaging results from the reaction of photons with anisotropic
crystalline structures (Cox et al., 2003). It is a unique imaging
technique for studying collagen, microtubules and myosin,
especially fibrillar forms of collagen such as types I and II (Cox
et al., 2003; Pena et al., 2005; Chen et al., 2012). There is no
chemical reaction such asin immunohistology nor fluorescent
process such as in confocal and multiphoton fluorescent imag-
ing (He et al., 2014). Although the tissues in this study were
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cryosectioned into 50-pum-thick sections for SHG imaging via
a transmission channel, the sections are hydrated and thick
enough to allow observation of the internal microstructure of
the collagen network close to the natural status in a tendon.
Therefore, this study has provided new evidence to support the
findings using TEM and SEM that the longitudinal collagen fib-
rils interweave in tendons (Provenzano & Vanderby, 2006),
which increases the structural stability of the longitudinal
fibrils.

The experiments carried out in this study to isolate the
collagen fibrils from the tendon ECM for SHG imaging of
individual collagen fibrils (Fig. 8A) further indicate that the
crosslinks via hydroxylation condensation and disulphide
bonds between the longitudinal collagen fibrils are very weak.
This finding is reasonable because very strong cross-linkages
between the longitudinal collagen fibrils would build a strong
resistance to sliding between the collagen fibrils during
loading. However, interfibril sliding has been proven to
exist when tendons are under loads (Screen et al., 2005;
Provenzano & Vanderby, 2006). Therefore, the structural
integrity of the collagen meshwork of tendons derived from
braiding of individual collagen fibrils orienting longitudinally
and reinforcement of the collagen fibrils in the epitenon on
the longitudinal fibrillar structure is crucial for the function of
tendons. The microstructural arrangement discovered in this
study ensures the longitudinal collagen fibrils to possess the
essential structural integrity to function as a unit to support
tensile loads, whereas the intersliding of the collagen fibrils
during loading is litter interfered.

It is well accepted that collagen forms a hierarchical struc-
ture in tendons but the hierarchical structural order has been
reported differently by different authors (Benjamin etal., 2008;
Liuetal.,2011; Smithetal., 2013). Some scholars claimed that
there are collagen fibres with a diameter from 10 to 50 um
in tendons that compose tendon fascicles. The collagen fibres
are the smallest unit that can be visualized under light mi-
croscopy and are made up of collagen fibrils of 0.41-0.50 um
thick. However, the observations made using SHG and AFM
in this study demonstrate that there are not collagen fibres
made up of collagen fibrils in Achilles tendons. This is consis-
tent with the report that tendon fascicles are made directly of
collagen fibrils (Liu et al., 2011), and longitudinal collagen fib-
rils of about 0.50 pum thick are the primary building blocks of
the hierarchical collagen microstructure and the tensile prop-
erty of an Achilles tendon (Aparecida de Aro et al., 2012). If
there were collagen fibres in an Achilles tendon, they would
have been shown to be made up of collagen fibrils in SHG im-
ages with an FOV of 240 um x 240 um in this study as SHG
has imaging resolution to reveal collagen fibrils (about 5-24
collagen fibres would have been displayed in an SHG image).

The reason that tendon fascicles were suggested to be made
up of collagen fibres comprising collagen fibrils by some schol-
ars (Kastelic et al., 1978; Smith et al., 2013) could be due to
the use of microscopic techniques (e.g. light microscopy and
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confocal microscopy) which do not possess sufficient imaging
resolution for resolving individual collagen fibrils in a tendon.
In fact, to our best knowledge, there is not a study that directly
uses an image or a range of images to show that tendon fas-
cicles are made up of collagen fibres, which are subcomposed
of collagen fibrils. So far, most reports about the hierarchi-
cal collagen structure are based on linking information from
different studies using different microscopy. Nevertheless, fu-
ture studies will further examine whether all tendons contain
collagen fibres or not.

Furthermore, the diameters of collagen fibrils measured in
this study (Table 1) agree with the data reported by other
studies (Kastelic et al., 1978; Cox et al., 2003, Williams et al.,
2005; Cisneros et al., 2006). The comparable diameter range
of the collagen fibrils with the wavelength of visible light
(445 nm) used in this study played a key role in acquiring
high-resolution SHG images of the collagen fibrils (Williams
etal.,, 2005; Chen et al., 2012).

It has been confirmed in this study that the collagen fib-
rils composing the Achilles tendon fascicles are long filaments
(Craig et al., 1989; Birk et al., 1997; Graham et al., 2000;
Provenzano & Vanderby, 2006). However, the fascicles com-
posing Achilles tendons do not necessarily extend over the
entire length of the tissue (hollow arrow in Figs. 3C, 4D and
9A), which is supported by the traditional histology shown in
this study (Fig. 9C) and the literature (Benjamin et al., 2008).
Since the bone—cartilage surface to which a tendon connects
is irregular, the forces applied to individual collagen fibrils or
a group of collagen fibrils may be heterogeneous during phys-
ical activities (Arnoczky et al., 2002; Screen et al., 2005). The
formation of the fascicles in tendons (particularly a thickest
tendon) may serve as a buffer that allows individual collagen
fibrils or groups of collagen fibrils to slide and adjust posi-
tion easily to take or share the forces applied, which would
reduce stress concentration in certain groups of collagen
fibrils.

It is understood that a normal tendon also contains a small
volume of types III, IV and VI collagen (Aparecida de Aro
et al., 2012). The thin collagen fibrils shown using the AFM
(Fig. 5) may be minor collagen in the Achilles tendons as they
also showed periodic bands. However, the SHG images show
mainly the structure of type I collagen fibrils in tendons as type
I collagen produces a large quantity of SHG signals sufficient
forimaging, whilst typesIIT and IV collagen generate little SHG
signal for imaging (Cox et al., 2003; Pena et al., 2005; Chen
etal., 2012). Since the replacement processes of type I collagen
by type III collagen represent changes of age and pathology
of a tendon (Wu et al., 2011), the imaging technique devel-
oped in this study may potentially be used as a technique for
assessing early tendinopathy or evaluating tissue engineering
techniques for restoring the collagen structure of a tendon
without tissue staining.

Traditional histology is a well-accepted clinical and patho-
logical assessment method for tendons. Meanwhile, mechani-
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caltests are also used fornumerically evaluating the functional
characteristics of tendons. Future studies using SHG imaging,
AFM, traditional histology and mechanical testing of normal
and pathological tendons may lead to better understanding of
the structure and functional relationship of tendons.

Conclusions

This study developed a 3D imaging technique for examining
the collagen matrix at a fibril level without tissue labelling
and dehydrating. The study has also provided new knowledge
about the 3D collagen structure of an Achilles tendon.

Computer imaging analysis techniques have been well ac-
knowledged for their consistency and efficiency for measuring
feature sizes and quantitatively identifying abnormal tissues
(Chen et al., 1989; Wu et al., 2005; Duan et al., 2009; Duan
et al., 2015, Duan et al., 2013). Although studying the ori-
entation and structure of the collagen fibrils provides a way
for evaluating the physiology of a tendon, currently, this is
mainly carried out by visual inspection and in 2D (Chen et al.,
2007; Wu et al., 2011; Wu et al., 2015). SHG microscopy of-
fers high-resolution imaging of collagen fibrils in tendons for
quantitatively assessing their orientation characteristics in 3D
using computer imaging analysis methods. This study could
potentially lead to development of an artificial-intelligence-
based imaging analysis system for consistently quantifying
the collagen structure and physiology of tendons.

SHG emissions contain components in the transmission and
backscattered direction (Cox et al., 2003). In this study, we
only explored SHG using a transmission channel for the ex-
amination of the collagen structure in Achilles tendons. Since
physiological changes of biological tissues such as tissue age-
ing and healing can alter SHG signals in the transmission and
backscattering direction (Williamsetal., 2005; Abraham et al.,
2012), future studies using SHG imaging in the transmission
andreflectance channel may lead to the development of amore
advanced imaging technique for evaluating the physiology of
tendons. Also, since it is feasible to integrate confocal and SHG
imaging into one microscope (Cox et al., 2003; Williams et al.,
2005; de Dood, 2006; Chen et al., 2012), with the success-
ful development of confocal arthroscopy for detecting early
tendinopathy without biopsy (Wu et al., 2015), future studies
in this area could lead to development of an integrated con-
focal and SHG endoscope with an artificial-intelligence-based
imaging analysis system for consistently assessing the colla-
gen structure and subtle physiological changes of a tendon
without tissue labelling and biopsy.
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