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Abstract

Extracellular matrices (ECMs) found in vertebrate tissues are fiber reinforced
composite materials that prevent premature mechanical failure, store, trans-
mit, and dissipate mechanical energy generated by the musculoskeletal sys-
tem. We have developed a new method using optical cohesion tomography and
vibrational analysis to non-destructively and non-invasively measure the me-
chanical properties of composite tissues and polymeric materials. In addition,
this method can be used to measure the moduli of individual components of
composite materials and perform “mechanical spectroscopy” on materials. In ad-
dition, we propose that measurement of the resonant frequency of a material
minimizes the viscoelastic behavior of a composite material. This approach
simplifies the analysis of mechanical behavior of polymers and others materials
that demonstrate time-dependence to their properties.
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1. Introduction

Extracellular matrices (ECMs) are multi-component composite structures found
in vertebrates that contain collagen and elastic fibers, proteoglycans, ions, water,
growth factors, cell attachment factors and cells [1] [2] [3]. ECMs are found in
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cartilage, tendons, ligaments, skin, vessel walls, organ parenchyma and muscu-
loskeletal tissues. Human skin is a multi-layered organ and can be separated into
two distinct regions, the dermis and the epidermis [4].

The epidermis consists of several cell layers beginning with a layer of viable
basal keratinocytes that differentiate into a cornified non-viable layer of squam-
ous epithelium that covers the surface. The epidermis and lower dermis are se-
parated by a flexible basement membrane on which cells of the epidermis rest [4].
The mechanical properties of skin and isolated dermis are similar suggesting that
the epidermis normally does not play a significant role in mechanical properties
of skin [2]. However, under extreme loading conditions the epidermis thickens and
produces calluses that stiffen the skin.

The dermis is a composite material containing two parallel networks of colla-
gen and elastic fibers. It can then be sub-divided into two layers, the superficial
papillary and deep reticular dermis. The deep reticular layer, which represents
about 75% of the skin by volume, serves as the essential macromolecular support
structure imparting skin with its overall strength and elasticity [4]. Human skin
is composed, on a wet weight percentage basis, of approximately 60% - 72% wa-
ter, 30% collagen, 0.2% elastin, and 0.03% - 0.035% glycosaminoglycans, with cel-
lular components and non-collagenous proteins also comprising a small fraction
of the wet weight [5]. Collagen types I and III comprise approximately 70% to
80% of the dry weight of skin, and are the most important structural component
of skin [4] [5]. The collagen meshwork present in the dermis provides the bulk
of the skin support structure, and imparts it with the majority of its mechanical
strength [6] [7] [8] [9] [10].

Elastic tissue in skin forms an independent three-dimensional network of branched
fibers of variable diameter and elastin content, which spans from the papillary
layer to the deep dermis. Mechanically, the elastic fiber network of skin is in pa-
rallel with that of collagen [11] and in skin from older individuals elastic fibers
appear to fray and contain holes. Diameters of elastic fibers increase from about
1 pum to 2 um in proceeding from the papillary to the reticular dermis. They
form a continuous network that can be isolated by treatment with strong alkali
and autoclaving after removal of other components. The relative volume of elas-
tic fibers increases from about 0.7% to about 2.5% in proceeding from the papil-
lary to the reticular dermis [4] [5]. The role of ECM in skin is to dissipate impact
loads and resist failure while that of ECM in cartilage functions primarily to store
and transmit excess energy while also resisting impact loads [11].

Hyaline cartilage is a composite ECM found on the ends of long bones. It is
stretched in tension over the joint surface and contains cells termed chondro-
cytes that are up-regulated by increased loading [11]. Cartilage is composed of
chondrons [12] which consist of cells, chondrocytes, and pericellular matrix. The
pericellular matrix is enriched in hyaluronic acid and proteoglycans [13]. Chon-
drons in cartilage are embedded within a collagenous matrix composed of pre-

dominantly type II collagen along minor collagen types IX, and XI [14]. Type X
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collagen is found in the calcified zone in association with types II and XI colla-
gens [11].

Cartilage is made up of several structural components that have been termed
layers or zones. The collagen fibers in the superficial zone are primarily oriented
along the surface, while those in the deep zone are oriented perpendicular to the
subchondral bone (see [14] for a review). In the intermediate zone collagen fi-
brils are randomly oriented before they become parallel to the surface in the su-
perficial zone. Mineralizing cartilage, found at the interface with the subchon-
dral bone, contains collagen fibers that run parallel to axis of the subchondral
bone and serves as the transition from soft spongy cartilage of the intermediate
zone to hard rigid bone that supports loads in the joint. Thus cartilage is a com-
posite material containing both mineralized and unmineralized collagen fibers
that have been shown to possess different mechanical properties [14].

The major function of collagen fibers in skin and cartilage is to prevent tissue
failure by withstanding deformation and dissipating energy during stretching
[11]. Tensile testing of human skin and cartilage shows that these tissues possess
the characteristic time-dependent properties of viscoelastic materials [8] [9] [14]
[15] [16] [17]. The typical stress-strain curve for human skin presents as a bi-
phasic response that is composed of linear low- and high-strain regions [8] [9]
[14] [18] [19] [20]. In the low-strain or toe region, skin primarily behaves elasti-
cally and its behavior is thought to be dominated by elastic fibers which act to
recover small strains in the collagen network [8] [9] [14] [18] [19] [20] [21] [22].
As the tissue is strained beyond the toe region, in the high-strain region, colla-
gen fibrils become aligned and are recruited to absorb and store the strain ener-
gy [2] [19] [20]. The high-strain response includes a viscous component that is
thought to be associated with energy dissipation of the applied load through
viscous and molecular sliding of collagen fibrils in the extracellular matrix [2]
[10]. Thus dermis contains two fiber networks that have different mechanical prop-
erties.

Several methods have been used to evaluate the mechanical properties of
ECMs over the last 40 years including uniaxial and biaxial tensile testing, inden-
tation and rotational tests [3] [4] [8] [9] [14] [15] [16] [17] [19] [20] [21] [22]. In
addition, new tests including ultrasound elastography (UE), optical cohesion to-
mography (OCT), optical cohesion elastography (OCE), and vibrational analysis
combined with OCT have been used to study the mechanical properties of tissues
in health and disease. Most of these techniques require the assumptions that the
material is linearly elastic, Poisson’s ratio is close to 0.5 and that viscoelasticity does
not dramatically affect the resulting properties. However, ECMs are non-linear
materials that are viscoelastic and have upward curvature to the stress-strain curve.
This fact makes determination of the stiffness very difficult since the tangent to the
stress-strain curve is constantly changing [14]-[20]. However, despite all of these
problems, there is a need to be able to characterize the mechanical properties of

ECMs since this would give clinicians valuable information concerning the me-
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chanical properties of skin with respect to location and the directions of Langer’s
lines. In addition, changes associated with tumor formation, wound healing, scar-
ring and the efficacy of cosmetic and surgical treatments could be evaluated quan-
titatively.

During the last three decades methodology has been developed to estimate the
viscoelastic mechanical properties of skin [20] and decellularized dermis [2] [11]
[14]. Our results suggest that the non-linearity of the stress-strain curves can be
analyzed by dividing the stress into elastic and viscous components [2] [11] [14]
[20]. The elastic component can be measured as the stress at equilibrium in an
incremental stress-strain experiment [2] [11] [14] [20]. This test is characterized
by the sequential addition of loading increments followed by a relaxation step
between each loading step [2] [11] [14] [20]. When all the equilibrium stresses
are plotted versus the strain, an elastic stress-strain curve is obtained. Equili-
brium stress-strain curves can then be used to calculate the elastic modulus as
the tangent to the curve [2] [11] [14] [20].

The elastic modulus of a number of collagenous tissues has been shown to be
independent of strain-rate for all strain rates up to 10,000% per minute [11]. If
the slope of the elastic stress-strain curve at high strains is divided by the colla-
gen content of the tissue, the fraction of collagen aligned with the tensile direc-
tion, and the change in strain after the collagen fibers of the tissue are stretched
in tension, the resultant number is between 4.0 and 7.0 GPa, values similar to
those reported for the stiffness of the collagen molecule [11]. The slope of the
viscous stress-strain curve reflects the length of the collagen fibrils and the visc-
ous sliding of collagen fibrils by each other during tensile deformation [11].

While dermis and cartilage have been shown to contain several different ele-
ments that have different mechanical properties [2] [11], until recently there was
no method that could be used to evaluate the mechanical properties of individu-
al components of a composite material non-invasively and non-destructively
[21] [22]. The introduction of optical cohesion tomography in combination with
vibrational analysis has paved the way to do “mechanical spectroscopy” on tis-
sues without having to test the individual layers of the materials separately [22].
The purpose of the paper is to review data on dermis and cartilage to underscore
the use of this technique for analysis of the mechanical properties of composite

materials non-invasively and non-destructively.

2. Methods
2.1. Sample Preparation

Human decellularized dermis was obtained from allograft tissue as described
previously [2] [21] [22] [23] (see Table 1). Decellularized human dermal sam-
ples were tested after immersion in phosphate buffer solution as described else-
where [21] [22]. All samples were tested wet after soaking in phosphate buffer
solution at pH 7.4 for at least 30 minutes. Processing and testing steps were con-
ducted at 22°C.
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Table 1. Moduli values for ECM components measured using OCT and vibrational analysis. Note the strain is the external strain

and does not account for any internal strain such is present in femoral cartilage-subchondral bone composites.

Sample Resonant Frequency (Hz) Vibrational Testing Modulus (MPa) Strain (%) Thickness (mm)
153.33 + 5.77 2.57+£0.2 5
Decellularized Dermis 246.67 + 5.77 6.65 + 0.31 14 1.07
346.67 £ 5.77 13.14 £ 0.44 20
93.33 £5.77 0.77 + 0.094
Pig Skin 5 3.05
203.33 £5.77 3.61 +0.2
246.67 £ 5.77 4.96 +£0.23
Bovine Cartilage 550 £ 10 24.65+0.53 2 2.08
663.33 +5.77 35.03 £0.61
Subchondral Bone 620 + 10 31.92 +£1.03 2 1.39

Depilated pig skin, with a thickness of approximately 3 mm, composed of ep-
idermis and dermis, was obtained at slaughter from Spear Products (Coopersburg,
PA) and stored at 4°C. All samples were tested wet after soaking in phosphate
buffer solution at pH 7.4 for at least 30 minutes. Processing and sample testing
steps were conducted at 22°C as described previously [21] [22].

Bovine femoral cartilage with attached subchondral bone with a thickness of
approximately 2 mm was obtained from Spear Products (Coopersburg, PA). It
was stored at —40°C until it was tested. It was thawed before use and soaked in
phosphate buffer at pH 7.4 for at least 30 minutes before testing at 22°C. Carti-
lage was removed from the subchondral bone by mechanical scraping using a
surgical blade to evaluate the mechanical properties of the bone alone after test-

ing both bone and cartilage together.

2.2. Mechanical Testing
2.2.1. OCT and Vibrational Analysis in Vitro

Transverse forces were applied to the sample by positioning an acoustic louds-
peaker (Intervox S225RA-40) beneath the sample. A function generator (Agi-
lent) was used to drive the speaker with sinusoidal waveforms at varying ampli-
tude and frequency as discussed previously [21] [22]. Varying axial deformations
of 1% - 15% were applied through adjustment of the graduated translation stage.

Transverse sample displacement was measured by spectral-domain optical co-
herence tomography (SD-OCT), a non-contact, interferometric technique as dis-
cussed previously [21] [22]. The SD-OCT system uses a fiber-coupled superlumi-
nescent diode light source with 1325 nm center wavelength and 100 nm band-
width (full-width at half maximum) as described previously [21] [22].

The resonant frequency of each sample was initially estimated by measuring
the transverse displacement resulting from sinusoidal driving frequencies rang-
ing from 50 Hz to 1000 Hz, in steps of 50 Hz. Once the region where the maxi-

mum frequency was identified, smaller steps of 10 Hz were used to more accu-
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rately identify the peak frequency and the actual resonant frequency, £,.
L
E=m(2xf,)’| — 1
(2rf,) [ Aj (1)

The modulus from vibrational studies, £ was determined using Equation (1)

where m, Land A are the sample mass, length and cross-sectional area.

2.2.2. Calibration Studies
A variety of samples made from silicone rubber, decellularized dermis, and chem-
ically modified decellularized dermis were tested in uniaxial tension and using
vibrational analysis to establish a calibration curve between the moduli calculated
from tensile measurements and those derived from vibrational measurements in
vitro. These results have been published elsewhere [22].

The relationship between the modulus measured using vibrational (£v) and
tensile (£f) measurements was reported to be approximately linear and the equ-

ation of the line was found to be:

Ev = 1.026Et + 0.0046 2)

where, Evand Etare the moduli measured in MPas. The correlation coefficient
between these moduli is 0.984 as previously reported [22]. The relationship be-
tween tensile and vibrational moduli was approximated using Equation (2). The
material behavior was reported to be reversible for strains less than about 14% for
up to three cycles of tensile testing [21] [22]. The relationship between moduli
determined from vibrational and tensile experiments has been reported earlier
[21] [22]. Using the vibrational method, the modulus of a material at a specific
strain can be calculated.

The resonant frequency and moduli were determined for human decellula-
rized skin, pig skin, intact bovine cartilage, and subchondral bone as shown in
Table 1. Figure 1 illustrates that the modulus determined from vibrational expe-
riments is dependent on strain. Plots of weighted displacement versus frequency
are shown for decellularized human dermis (Figure 2), pig skin (Figure 3), in-
tact bovine femoral cartilage (Figure 4) and subchondral femoral bovine bone
(Figure 5). The resonant frequency varied from about 100 Hz over 600 Hz for
subchondral bone (Table 1). The modulus determined from vibrational measure-
ments varied from about 2.57 MPa at a strain of 5% for decellularized human skin
to over 30 MPa for subchondral bone. Figure 1 and Figure 2 show that the reso-
nant frequency for decellularized dermis is dependent on the applied strain, while
Figure 3 illustrates that pigskin demonstrates two resonant frequencies one at 90
Hz and another at 200 Hz at a strain of 5%. Finally, Figure 4, illustrates that bo-
vine femoral cartilage shows three resonant frequencies: one at 250 Hz one at 550
Hz and the final one at 660 Hz. After the cartilage is removed from the subchon-
dral bone with a scalpel, the resonant frequency of subchondral bone becomes 620
Hz (Figure 5).

DOI: 10.4236/wjm.2017.710022

276 World Journal of Mechanics


https://doi.org/10.4236/wjm.2017.710022

F. H. Silver, R. G. Shah

14

12

10

Modulus (MPa)
[}

y = 6.2e+05"x - 1.4e+06

R? = 0.936
4 _
®
2 —
L
0 —
2 | | | | | | | | |
2 4 6 8 10 12 14 16 18 20

Strain (%)

Figure 1. Plot of modulus determined from OCT and vibrational studies versus strain for decellularized dermis. Note the resonant

frequency and modulus increases with strain.
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Figure 2. Weighted displacement versus frequency for decellularized dermis at 5%, 14% and 20% strain. The resonant frequencies
measured were 150 Hz (5% strain), 250 Hz (14% strain), and 350 Hz (30% strain) as listed in Table 1.

3. Discussion

The ability of researchers and scientists to understand the relationship between
the hierarchical structure of composite materials and their mechanical properties
is important to design new materials that can be used as implants as well as new

composite materials that can be used in industrial applications. While the mechanical
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Figure 3. Weighted displacement versus frequency for pig skin stretched to a strain of 5%. The resonant frequencies of the pig skin
were 90 Hz and 200 Hz as shown in Table 1.
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Figure 4. Weighted displacement versus frequency for bovine femoral cartilage with a layer of subchondral bone. The resonant fre-
quencies observed were 250 Hz, 550 Hz and 660 Hz as is listed in Table 1.

properties of implants and industrial composites are complex; much progress has
been made in understanding the relationship between structure and mechanical
properties and how to facilitate analysis of viscoelastic materials.

We recently reported a correlation between modulus values calculated from
the slopes of incremental tensile stress-strain curves and measurements based on

natural frequency determination for both tissues and silicone rubber samples
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Figure 5. Weighted displacement versus frequency for bovine femoral cartilage and subchondral bone after most of the cartilage

was removed with a scalpel. The resonant frequency for subchondral bone is 620 Hz as indicated in Table 1.

[21] [22]. These results suggest that the modulus determined from conventional
methods (tensile stress-strain measurements) is consistent with the modulus val-
ues calculated from measurement of the natural frequency determined from a
combination of OCT and vibrational analysis [21] [22]. The use of Equation (2)
to construct a calibration curve between modulus and natural frequency measure-
ments results in a high correlation coefficient between these two independent
measurements without assuming a value of Poisson’s ratio. This suggests that use
of vibrational analysis in conjunction with OCT gives modulus values that are simi-
lar to those found from uniaxial tensile measurements, a “gold standard” method
that has been used to report stress-strain behavior of materials.

Unlike many other materials, ECMs have a stress-strain relationship that curves
upward with increasing strain [2] [11] [14] [20]. This indicates that as the colla-
gen fibers are aligned and stretched along the tensile axis, the material stiffens
since more collagen fibers bear the load [2] [11] [14] [20].

Using vibrational analysis, both natural and synthetic materials can be cha-
racterized non-invasively. When a material contains two or more major compo-
nents more than one vibrational peak is observed with unique resonant frequen-
cies. It is then necessary to characterize the origin of each of these peaks in the
vibrational spectrum.

In the case of ECMs this task is simplified by analyzing the behavior of decel-
lularized human dermis since it contains a single component, e.g. collagen fibers
[2]. The modulus of collagen fibers in skin increases from about 2.57 MPa (5%
strain) to 13.36 MPa at a strain of 20% as the strain is increased [22]. The reso-
nant frequency and calculated modulus are therefore dependent on the tissue

strain and the composition. If one next examines the weighted displacement curve
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versus frequency for pig skin we see two peaks; one at 90 Hz and another at 200
Hz at a strain of 5% (Figure 2). The peak at 200 Hz appears to be the collagen
peak since it has a modulus of about 3.55 MPa as opposed to the one for collagen
in decellularized dermis with a modulus of 2.57 MPa. The peak at 90 Hz is a
peak due to elastic tissue since it has a modulus of 0.75 MPa very close to that
reported for elastic tissue in previous publications [2] [22].

The data obtained with bovine femoral cartilage suggests that the collagen
peak at 250 Hz may reflect the collagen fibers in the superficial and intermediate
zones. They have a modulus of 5.09 MPa at an external strain of 2%, while the
peak at about 600 Hz appears to reflect the behavior of the subchondral bone on
which the cartilage sits since it has a modulus of over 30 MPa (Figure 4). The
peak at 550 may reflect the transition zone between calcified cartilage and the
subchondral bone. It is important to note that cartilage is stretched over the
subchondral bone as previously reported [14] so the net strain would be 2%, the
external strain, and 9% (the estimated internal strain based on Figure 1) yielding
a total strain of about 11%. This is consistent with previous studies that suggest
that when the cartilage is removed from the bone it curls up (see [14] for an ex-
planation) suggesting that the residual strain in the material is significant [15].

The ability to measure the resonant frequency and modulus of individual com-
ponents of composite materials is very desirable. It allows workers to design bet-
ter implants and other fiber reinforced composite materials as well as to analyze
for the presence of cracks non-invasively. The recent finding that the modulus
measured using vibrational analysis and OCT at the resonant frequency is within
3% to 4% of the elastic modulus indicates that the viscoelasticity of composites is
minimized using this technique [24]. This simplifies the analysis of the proper-
ties of viscoelastic composites since no correction for viscous loss is necessary and

the modulus obtained is a “materials constant” at a particular strain.
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