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A B S T R A C T

The mechanical responses of most soft biological tissues rely heavily on networks of collagen fibers, thus quan-
tifying the mechanics of both individual collagen fibers and networks of these fibers advances understanding
of biological tissues in health and disease. The mechanics of type I collagen are well-studied and quantified.
Yet no data exist on the tensile mechanical responses of individual type II collagen fibers nor of isolated
networks comprised of type II collagen. We aimed to establish methods to facilitate studies of networked and
individual type II collagen fibers within the native networked structure, specifically to establish best practices
for isolating and mechanically testing type II collagen networks in tension. We systematically investigated
mechanical tests of networks of type II collagen undergoing uniaxial extension, and quantified ranges for each
of the important variables to help ensure that the experiment itself does not affect the measured mechanical
parameters. Specifically we determined both the specimen (establishing networks of isolated collagen, the
footprint and thickness of the specimen) and the mechanical test (both the device and the strain rate) to
establish a repeatable and practical protocol. Mechanical testing of isolated networks of type II collagen fibers
leveraging this protocol will lead to better understanding of the mechanics both of these networks and of the
individual fibers. Such understanding may aid in developing and testing therapeutics, understanding inter-
constituent interactions (and their roles in bulk-tissue biomechanics), investigating mechanical/biochemical
modifications to networked type II collagen, and proposing, calibrating, and validating constitutive models for
finite element analyses.
1. Introduction

The mechanical responses of most soft biological tissues rely heavily
on networks of protein fibers including collagen (Broom and Marra,
1986; Zhu et al., 1993; Aspden, 1994; Hukins et al., 1999). Collagen
fibers contribute to the mechanical response and stiffness of such
tissues, particularly in tension, often with tensile stiffnesses orders of
magnitude above the contributions of other constituents (Ottani et al.,
2001; McNulty et al., 2006; Taye et al., 2019; Wang et al., 2018). Many
diseases of soft tissues alter the microstructure of collagen fibers or
networks of collagen via biochemical (Onur et al., 2014; Wan et al.,
2021) or mechanical (Andriacchi and Mündermann, 2006; Cai et al.,
2017) means. Study of the mechanics of both individual collagen fibers
and networks of these fibers advances understanding of biological
tissues in health and disease.

Researchers have identified 28 types of human collagen (to date)
and categorized these based on amino-acid composition (Ricard-Blum,
2011). Type I collagen is the most prevalent type in the human body
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and is found in, e.g. skin, tendon, bones, and arteries. The mechanics
of type I collagen are well-studied and quantified. To characterize
individual type I fibers researchers employ tensile or bending tests on
isolated type I collagen fibers (∅ ∼ 350 nm–1 μm) using a variety of
methods including atomic force microscopy, microtensile testing, and
specialized microelectromechanical systems (Miyazaki and Hayashi,
1999; Eppell et al., 2006; van der Rijt et al., 2006; Wenger et al., 2007;
Gestos et al., 2013; Liu et al., 2016; Quigley et al., 2018).

The next most prevalent collagen in the human body is type II,
which plays a significant mechanical role in many tissues, e.g. articular
cartilage, vitreous humor (within the eye), and fibrocartilage within in-
tervertebral discs. Yet no data exist on the tensile mechanical responses
of individual type II collagen fibers nor of networks comprised of type
II collagen. Characterizing the unique properties of type II collagen
will advance understanding of the mechanics of human and engineered
tissues.
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Two difficulties complicate the mechanical study of type II collagen:
(1) the size of the fibers and (2) the difficulty in isolating fibers. Individ-
ual type II collagen fibers have a diameter ∼ 20–200 nm (Gottardi et al.,
2016; Szarek et al., 2020), much smaller than type I, but larger than
DNA (∅ ∼ 2 nm) and membrane macromolecules (of similar diameter).
Thus methods used to quantify the mechanics of type I collagen do not
translate well to type II. Similarly, individual type II collagen fibers may
be too large for methods applied to smaller molecules such as optical
and magnetic tweezers for DNA (Bustamante et al., 2003; Goss and
Croquette, 2002). Additionally, obtaining in-vivo-like type II collagen
fibers proves difficult. Complications arise in isolating type II collagen
from tissues without disassembling it to a subfibrillar level, and in
growing type II fibers from collagen molecules (Kadler et al., 2008;
Karvonen et al., 1991; Kuijer et al., 1985; Lee and Piez, 1983). In both
cases the resulting fibers do not reflect the structure of native collagen
fibers within tissues such as cartilage.

Although tensile tests on thin sheets of cartilage have aided our
understanding of bulk-tissue mechanics (Kempson et al., 1973; Elliot
et al., 1999; Huang et al., 2005; Sasazaki et al., 2006), the macro-
mechanics of cartilage derive from complex micromechanical inter-
actions of proteoglycans (5%–10% wet weight), collagens, and elec-
trolytic fluid, e.g. osmotic swelling driven by the fixed-charge density of
proteoglycans pretensions the network of collagen even in the absence
of external loading (Kempson et al., 1970; Wang et al., 2018). Such
interactions occur in tissue-level experiments and complicate direct
study of the mechanics of collagen networks and of individual collagen
fibers.

We aimed to establish methods to study networked and individual
type II collagen fibers within a native networked structure, specifically
to establish best practices for isolating and mechanically testing type
II collagen networks in tension. These methods include: (1) establish-
ing the specimens (i.e. footprint and thickness of isolated network
of collagen) and (2) establishing a repeatable tensile test (i.e. testing
device, strain rate). Finally, we consider minimizing time and cost
while maximizing repeatability to establish an efficient and practical
research method.

2. Materials and methods

2.1. Establishing the specimen

We obtained healthy specimens from bovine knees harvested from
animals less than 36 months of age. If not immediately used to prepare
specimens, we stored knees at −20◦C either with the joint capsule intact
or in phosphate-buffered saline (PBS) and for a maximum of one freeze-
thaw cycle (Szarko et al., 2010). We extracted full-thickness ∼ 10 mm
by ∼ 20 mm cuboid specimens from the patellofemoral groove for
all subsequent analyses. Within the patellofemoral groove we oriented
the specimens with the long axis parallel to the estimated split-line
direction (SLD) (Williamson et al., 2003) and then we determined
the true local SLD by pricking the articular surface (outside the area
intended for the final test specimen) with a dissecting needle dipped
in India ink (Below et al., 2002). To focus on the superficial zone we
microtomed 200 μm thick slices of cartilage using a rotary microtome
(HM 355 S, Microm International, Walldorf, DE) (Mow et al., 2005).
From the pieces of the superficial zone of the patella we prepared
specimens for testing the enzymatic digestion. From the strips of the
superficial zone from the patellofemoral groove we prepared specimens
for refining the dimensions of the tensile specimen, and establishing
2

parameters of the mechanical test.
2.1.1. Networks of isolated collagen
We used a 5 mm diameter circular punch to create uniform spec-

imens of the superficial zone and establish our enzymatic digestion
protocols based on trypsin (Chun et al., 1986; Torzilli et al., 1997). We
tested 0.0, 0.125, 0.25, 1.0, and 2.0 mg/mL concentrations of trypsin
(from porcine pancreas, Sigma Aldrich, St. Louis, MO) in a buffer of
0.05 M sodium phosphate and 0.15 M sodium chloride for durations
of 18, 24, 36, and 48 h at 37◦C. We tested 𝑛 = 6 specimens in each
combination of concentration and duration. After digestion we rinsed
specimens three times for five minutes (each time) in buffer using a
rocker table (Bellco Biotechnology, Vineland, NJ) at room temperature.
Next we quantified the amount of PG remaining in each specimen
using a glycosaminoglycan assay (Chondrex, Inc., Redmond, WA) after
papain solubilization (Chondrex). We compared the resulting quantities
against a set of negative controls determined using the amount of
PG within the tissue and in the solution of the enzyme-free trials.
After establishing which protocols sufficiently digested PG we repeated
those digestions using new specimens and assessed the collagen content
within the specimens under the same digestion protocols. After rinsing
the tissue with the buffer as before, we quantified the amount of col-
lagen in the specimens using a Sirius Red-based assay (Chondrex) after
pepsin solubilization (Chondrex). We compared the collagen content
in the specimens to one another and to untreated controls (Maier
et al., 2019a,b). Finally, we carefully remeasured the dimensions of the
specimen after digestion.

2.1.2. Footprint of the specimen
We utilized finite element analyses to understand the effects of

specimen geometry on the homogeneity of stresses within the gauge
region of our proposed dumbbell-shaped specimens of type II collagen
(PG-depleted cartilage) under tensile loading. We meshed a parametric,
quarter-symmetry model of the specimen with eight-node hexahedral
elements, and ensured relatively high mesh densities at and around the
gauge region of the dumbbell shape. Specifically, we included at least
three elements in the through-thickness direction to ensure that these
were not overly stiff in bending. We then used ℎ-refinement within
the footprint (plane parallel to the articular surface) to ensure that
the stress/strain results of interest changed by less than one percent
upon subsequent mesh refinements. We employed our image-driven
constitutive model of cartilage but we decreased the stiffness (shear
modulus) of the isotropic matrix to five percent of the baseline value
and we correspondingly increased the permeability to model networked
type II collagen (PG-depleted cartilage) within a continuum framework
(Wang et al., 2018; Pierce et al., 2016). We simulated the tensile test
by applying an axial displacement equal to the gauge length (quasi-
statically) to the edge clamped during the test. We evaluated the
feasibility and suitability of each specimen design by assessing the
maximum displacement and force (in light of the displacement range
and load capacity of the microtensile device), and by quantifying the
heterogeneity in the first principal stresses within the gauge region
by calculating the percent difference between the principal stresses
predicted at the center of the gauge region to those at the corresponding
lateral edge (see red dots within Fig. 1).

We based the initial dimension of our specimen on the microtensile
testing guidelines from ASTM D1708-13 (American Society for Testing
Materials, 2013). We fixed the clamping width and length to 9 mm
and 4.3 mm, respectively, and the thickness to 200 μm. We then
parametrically varied dimensions that may affect the failure stress and
distribution of stresses, see Fig. 1. Specifically, we varied the following
dimensions at 0.5 mm increments as specified (all given in mm): gauge
length 𝑙𝑔 ∈ [3.0, 8.0], radius 𝑟 ∈ [1.0, 4.0], gauge width 𝑤𝑔 ∈ [1.0, 7.0],
and total length 𝑙𝑡 ∈ [13.6, 24.6]. Fixing the both clamping length and
width (i.e. total width) created an interdependence between gauge
width and radius.

We performed all simulations in FEBio (version 2.5, University of

Utah, Salt Lake City, UT Maas et al., 2012).
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Fig. 1. Specimen dimensions. We fixed the clamping width and length to 9 mm and
.3 mm, respectively, and parametrically varied the gauge width 𝑤𝑔 , gauge length 𝑙𝑔 ,
nd radius 𝑟 at 0.5 mm increments. The total length 𝑙𝑡 depends on the gauge length,
adius, and the fixed clamping length. We evaluated heterogeneity within the gauge
egion by calculating the percent difference between the principal stresses calculated
t the center of the gauge region to those at the corresponding lateral edge (red dots).
imensions in mm.

.1.3. Thickness of the specimen
We compared the mechanical responses (detailed in §2.3) measured

sing specimens with thicknesses 𝑇 ∈ [100, 200] μm in 20 μm incre-
ents, i.e. 100, 120, 140, 160, 180, and 200 μm. We used a custom
umbbell-shaped cutter to produce uniform specimens from the thin
heets of cartilage, completed the digestion of PG, and performed ten-
ile testing at a displacement rate of 300 μm per second. We compared
he measured mechanical responses as a function of thickness using
tatistical analyses (detailed in §2.4) to establish an optimal range of
hicknesses for subsequent specimens.

.2. Establishing the mechanical test

.2.1. Device
We performed all tensile tests using our custom-built microtensile

evice with a displacement range of 12.5 mm (resolution: 2.5 μm;
1H4AC-2.5-907, Ametek, Haydon Kerk, Waterbury, CT) and a force
apacity of 20 N (resolution: 0.3 mN; JRS1-10 N, Forsentek, Shenzhen,
N) (Huang et al., 2005; Kempson et al., 1973; Sasazaki et al., 2006).
We kept tissues hydrated in PBS at 25◦C and aligned specimens with
the principal fiber orientation (determined using the SLD method). To
improve the contact area for clamping we gripped specimens using
cyanoacrylate glue (Loctite, Henkel AG & Co., Düsseldorf, DE) and
sandpaper (200 grit). We then mounted the fluid-saturated specimens
in the device and allowed them to equilibrate for 300 s. Finally, we
controlled the displacement putting the specimens in tension at the
specified displacement (strain) rate (§2.2.2) until rupture, and moni-
tored testing to ensure failure occurred within the gauge region. We
recorded both displacement and force at a sampling frequency of 10 Hz.

2.2.2. Strain rate
Once we finalized the dimensions of the dumbbell-shaped specimens

we probed the effects of strain rate on the resulting mechanical data.
We used our custom dumbbell-shaped cutter to produce uniform spec-
imens from the thin sheets of cartilage (𝑇 = 200 μm), completed the
digestion of PG, and performed tensile testing at a range of displace-
ment rates. We compared the mechanical responses (detailed in §2.3)
measured using tests with displacement rates of 150, 300, 450, 600,
750, 900, 1050, 1200, 1500, 1800, 2400, 3000, 3600, 4200, 4500,
and 6000 μm (equivalent to strain rates of 1.5, 3, 4.5, 6, 7.5, 9, 10.5,
12, 15, 18, 24, 30, 36, 42, 45, 60%/min). We compared the measured
mechanical responses as a function of displacement rate (to probe rate
dependence) using statistical analyses (detailed in §2.4) to establish an
3

optimal range of displacement rates for subsequent tensile tests.
Fig. 2. Bilinear fit of experimental data. Representative data and fit: we fit our
experimental data (Cauchy stress versus stretch) generated from tensile tests of
networks of type II collagen (green) to the bilinear model (1), (blue) using three
parameters: initial modulus 𝐸1, transition stretch 𝜆𝑡, and final modulus 𝐸2. We also
xtracted the failure stress and failure stretch, 𝜎𝑓 and 𝜆𝑓 respectively.

2.3. Mechanical analyses

Using the custom device we applied displacement at a specified rate
and we measured axial force, resulting in force 𝐹 and displacement 𝑑
data as a function of time 𝑡. We calculated Cauchy stress 𝜎 from our
measured force data using 𝜎(𝑡) = 𝐹 (𝑡)𝜆(𝑡)∕𝐴, where 𝐴 is the reference
cross-sectional area and 𝜆(𝑡) = 𝑙(𝑡)∕𝑙0 is the stretch ratio calculated by
normalizing the current grip-to-grip length 𝑙(𝑡) = 𝑙0+𝑑(𝑡) normalized by
the initial grip-to-grip length 𝑙0 (note that strain 𝜀(𝑡) = 𝜆(𝑡)−1) (Stender
et al., 2018; Wale et al., 2021). We ensured, both experimentally
and computationally, that the grip-to-grip stretch approximated the
true stretch within the gauge region (see Fig. 5, Appendix A). In our
computational, cf. modeling in §2.1.2, and experimental analyses the
difference between these stretches was less than 1.0% and 3.8 ± 2.2%,
respectively.

We assumed incompressibility and used the calculated Cauchy
stresses versus stretches for all subsequent analyses (Park et al., 2004;
Stender et al., 2018). We smoothed the stress–stretch data by first
ecreasing our sampling rate by a factor of five (i.e. to 2 Hz) then
pplying a smoothing filter using the LOESS method with a span of
0%. We defined the failure stress 𝜎𝑓 as the maximum Cauchy stress
chieved during the test, and the failure stretch 𝜆𝑓 as the correspond-
ng stretch. We fit the resulting mechanical responses (𝜎 vs. 𝜆) of
he collagen networks to five different mathematical models: linear
one parameter), exponential (two), bilinear (three), exponential–linear
four), and linear–exponential (four). Preliminary tests found that the
ilinear model (using three parameters: initial modulus 𝐸1, transition
tretch 𝜆𝑡, and final modulus 𝐸2) outperformed the other four models
n fitting the bulk experimental data as evaluated by the adjusted 𝑅-
quared values (data not shown, 𝑅-squared > 0.98 for bilinear fits in
reliminary tests). Thus, for all subsequent analyses we selected the
ilinear model (1) as shown in Fig. 2. We also calculated the percent
ransition as 100(𝜆𝑡∕𝜆𝑓 ) in order to create a normalized transition
easure independent of the failure stretch.

=

{

𝐸1(𝜆 − 1) if 𝜆 < 𝜆𝑡,
𝐸2(𝜆 − 𝜆𝑡) + 𝐸1(𝜆𝑡 − 1) if 𝜆 ≥ 𝜆𝑡.

(1)

We completed all analyses using MATLAB R2019a (The MathWorks,
nc., Natick, MA).

.4. Statistical analyses

To establish the digestion protocol, we used a two-variable regres-
ion with duration of digestion and trypsin concentration as variables.
o establish the range of appropriate specimen thicknesses, we used a
wo-variable regression with thickness and donor knee as variables to
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Table 1
Mass percent proteoglycan remaining post digestion (% Mean Standard Deviation, 𝑛 = 6 for each group) where we did not test the combinations
with –. We propose the digestion protocol using 0.5 mg/mL trypsin for 18 h to reliably reduce the proteoglycan content to less than five
percent of the original while preserving collagen network (See Fig. 6, Appendix B).
DigestionL
duration (h)

Trypsin concentration (mg/mL)

0.0 0.125 0.25 0.5 1.0 2.0

18 82.5 ± 7.21 4.58 ± 1.86 2.65 ± 1.63 2.06 ± 1.67 2.39 ± 1.20 –
24 87.4 ± 4.79 – 2.27 ± 0.37 1.39 ± 0.86 1.15 ± 1.31 1.61 ± 0.50
36 88.3 ± 7.76 4.15 ± 2.17 3.50 ± 1.10 2.28 ± 0.89 0.52 ± 0.10 –
48 84.2 ± 4.85 – 1.25 ± 0.81 1.34 ± 0.65 1.54 ± 0.39 1.13 ± 0.39
assess effects on measured mechanical parameters (i.e. parameters of
the bilinear model, failure stress, failure stretch, percent transition, cf.
§2.2). Similarly, to establish the range of appropriate strain rates, we
used two-variable regression with displacement rate and donor knee
as variables to assess effects on measured mechanical parameters. To
probe differences between groups by thickness and differences between
groups by rate, we used Student’s 𝑡-tests and 𝐹 -tests to compare means
nd variances, respectively. We used 𝑝 < 0.05 for statistical significance
and completed all analyses using Excel 2016 (Microsoft Corporation,
Redmond, WA).

3. Results

3.1. Networks of isolated collagen

In Table 1 we show the percent PG remaining after each enzymatic
digestion protocol we tested. We found no significant differences in
the collagen content between any of the enzymatic digestion protocols
and the untreated, healthy controls (see Fig. 6, Appendix B). We
propose the digestion protocol using 0.5 mg/mL trypsin for 18 h. This
protocol reliably reduces PG content to less than 5% of the original in
a relative short period of time while preserving the network of collagen
(see Fig. 6, Appendix B). The dimensions of the specimens did not
change significantly before and after digestion (data not shown). The
2-D deformation gradient mapping the motion from the pre- to post-
digestion configurations was equal to the identity (and the Jacobian
equal to unity).

3.2. Footprint of the specimens

We completed parametric analyses on all combinations of the di-
mensions, i.e. gauge length (𝑙𝑔 ∈ [3.0, 8.0]), radius (𝑟 ∈ [1.0, 4.0]), gauge
idth (𝑤𝑔 ∈ [1.0, 7.0]), and total length (𝑙𝑡 ∈ [13.6, 24.6]) resulting in
6 unique simulations (§2.1.2). In these simulations the heterogeneity
n the first principal stresses (i.e. the difference of first principal stress
t the center of the gauge region of the specimen compared to the
orresponding edge) varied from 0.0% to 16.4%. The total length of
he specimens ranged from 13 to 27 mm and based on the displacement
ange of the microtensile device, the maximum possible strain varied
rom 78% to 179%. The principal stresses at the center node varied
rom 2.4 to 11.8 MPa generating an axial force of 0.56 to 11.8 N.
We propose the final dimensions of the dumbbell-shaped specimen

s follows: gauge length 𝑙𝑔 = 4 mm, radius 𝑟 = 3 mm, gauge width
𝑔 = 3 mm, and total length 𝑙𝑡 = 18.6 mm. These dimensions create
relatively small specimen with a nearly homogeneous distribution of
irst principal stresses within the gauge region under uniaxial extension,
nd generated failure stresses and failure stretches in a range suitable
or the testing device. The difference in first principal stress at the
enter point versus the corresponding edge was 1.9% (see Fig. 8,
4

ppendix C).
3.3. Thickness of the specimens

We compared the mechanical parameters (𝜎𝑓 , 𝜆𝑓 , 𝐸1, 𝜆𝑡, 𝐸2, and
percent transition) generated using specimens with thicknesses of 100,
120, 140, 160, 180, and 200 μm, see Fig. 3 and Appendix D.

We found no significant effect of donor knee on any of the measured
mechanical parameters. The failure stress 𝜎𝑓 determined from 100 μm
thick specimens was significantly different than all other groups (𝑝 <
0.04 for all comparisons, Fig. 3a). We also found similar significance for
the final modulus 𝐸2 determined from 100 μm thick specimens (𝑝 < 0.03
for all comparisons). For both of these parameters, we found no other
significant differences between thickness groups. The transition stretch
of the 180 μm specimens was significantly different from that of the
120, 140, and 160 μm specimens (𝑝 = 0.027, 0.008, 0.021, respectively,
Fig. 3b). The failure stretch 𝜆𝑓 determined from 180 μm thick specimens
was also significantly different from the failure stretches determined
from all groups of thinner specimens. The transition stretch 𝜆𝑡 de-
termined from 100 μm and 180 μm thick specimens was approaching
significance (𝑝 = 0.068). Finally, when comparing the coefficients
of variance of all mechanical parameters, we found no significant
difference between the variance of any parameters determined using
specimens with 140 μm and 160 μm thicknesses (Fig. 3c).

We propose that specimens should be prepared with a thickness in
the range 140–160 μm to ensure mechanical results are independent of
thickness.

3.4. Device

We successfully designed, built, calibrated, and employed our de-
vice using readily-available components.

3.5. Strain rate

We compared the mechanical parameters (𝜎𝑓 , 𝜆𝑓 , 𝐸1, 𝜆𝑡, 𝐸2, and
percent transition) generated using strain rates ranging from (displace-
ment rates ranging from 150 to 6000 μm), see Fig. 4.

In the range tested we found no significant effects of displacement
rate on any of the resulting mechanical parameters.

We propose that a displacement rate in the range 150 to
6000 μm/min (1.5–60%/min) to ensure mechanical results are indepen-
dent of displacement/strain rate.

4. Discussion

In light of the mechanical importance of type II collagen (both
networked and individual fibers) we established a repeatable and prac-
tical protocol for testing networks of isolated type II collagen. We
systematically investigated test variables that may affect the measured
mechanical responses of these networks undergoing uniaxial extension,
and established ranges for each of the important variables (e.g. thick-
ness of the specimens, strain rate of testing) to help ensure that the
experiment itself does not affect the measured mechanical parame-
ters. Throughout this effort we also sought practicality, proposing a
reasonable best practice while minimizing cost and time. To facilitate
application of our protocol we provide a step-by-step guide for isolating
and tensile testing of networks of type II collagen sourced from bovine

articular cartilage in Appendix E.



Journal of the Mechanical Behavior of Biomedical Materials 136 (2022) 105466P. Szarek and D.M. Pierce

n
f
s

Fig. 3. Effects of specimen thickness on measured mechanical parameters: (a) Thick-
ess of the specimen affected both the failure stress 𝜎𝑓 and final modulus 𝐸2 determined
rom the test with a significant difference between the 100 μm group and all other
pecimens (mean ± 95% confidence interval). (b) The transition stretch 𝜆𝑡 and failure
stretch 𝜆𝑓 determined from the test with a significant difference between the 180 μm
group and all thinner specimens (mean ± 95% confidence interval). (c) The coefficients
of variance for all mechanical parameters determined from the test using the 140 μm
and 160 μm thick specimens presented no significant differences while all other
comparisons among thicknesses yielded at least one significant difference in variance.
* Significant differences for 𝜆𝑓 . ** Significant difference for both measures. N.S. No
significant differences for any measures.

4.1. Networks of isolated collagen

Our aims in establishing a digestion protocol were to reduce time,
cost, and damage to collagen while removing PG sufficient to conclude
that the bulk mechanical response resulted only from the collagen
network. Since we did not detect a measurable change in the in-
plane (2-D) reference configuration after digestion, we assumed that
the corresponding change in the thickness was similarly negligible (and
5

most likely unmeasurable given the much smaller initial dimension).
Complete removal of PG from cartilage would likely require extreme
concentrations or durations that would likely damage the collagen.
Thus, we targeted greater than 95% removal with a relatively inex-
pensive, one-step digestion protocol with the understanding that the
remaining PG consists of less intricate complexes effectively eliminat-
ing its contribution to the mechanical stiffness. It remains possible
that collagen was damaged during our protocol yet remained in the
tissue so that we included it in the total collagen content measured
after digestion. Trypsin can degrade collagen, however based on the
concentration and duration we suggest, along with the quantification
of collagen content post digestion, it is highly likely that we did not
damage the collagen network (Chun et al., 1986). Previous researchers
used trypsin in models of early osteoarthritis, intending damage to PG
prior to damage to collagen, further supporting our use of trypsin to
remove PG while leaving collagen intact (Griffin et al., 2014; Wang
et al., 2016; Jambor et al., 2021). One of these studies specifically
confirmed that the depth of penetration for effective removal of PG
in cartilage by trypsin is greater than 200 μm from the articulating
surface (Griffin et al., 2014). Additionally, we performed our digestion
tests on 200 μm-thick specimens while our final protocol recommends
specimens with a thickness of 140–160 μm. With a thinner specimen our
digestion protocol removes more PG and likely has no further effect on
collagen (i.e. no distinguishable effect).

We extracted reasonably large samples from the patellofemoral
groove (to produce our tensile specimens) due to the relatively flat
surface and uniform fiber orientation. While the femoral condyle or tib-
ial plateau may better represent a load-bearing region within cartilage,
the curvature of both of these surfaces make it challenging to extract
flat specimens larger than a few millimeters. We considered removing
‘‘load-bearing’’ cartilage from the subchondral bone and flattening it
before cutting with the microtome, but the additional handling and
deformation would likely disturb the tissue severely. Fortunately the
femoral condyle and patella present similar collagen and PG content,
thus supporting our use of cartilage harvested from the patellofemoral
groove for evaluation of digestion protocols (Li et al., 2021).

4.2. Footprint of the specimens

Our aims in determining the footprint (shape) of the specimens
included homogeneity of the stress within the gauge region, manu-
facturability of the required specimen cutter (e.g. creating the inner
radius), compatibility with displacement and force specifications of our
microtensile device (§2.2), and minimizing the cartilage required for
each specimen. The ASTM standard for microtensile testing was too
large for the cartilage available within the bovine joint (especially if
accounting for the split-line direction), so we used this standard as
an initial design for our parametric finite element analyses to ensure
that our revised design retained stress–strain homogeneity within the
gauge region. We fixed the clamp length and width to ensure adequate
surface area for gripping within the fixture. Homogeneity of the stress
within the gauge region makes the subsequent stress–strain analyses
straight-forward and reliable. We carefully established the footprint
of our specimens to facilitate designing a specialized cutting device
to efficiently prepare repeatable, uniform specimens. We ensured that
specimens would fail within the force–displacement constraints of our
microtensile device while minimizing the cartilage required for each
specimen to ensure efficient use of each bovine joint.

4.3. Thickness of the specimens

Our aims in establishing the specimen thickness included remaining
within the superficial zone and minimizing the thickness while avoiding
potential edge effects from preparation (i.e. surface damage). If the
specimen was too thin we may begin to see softening due to damage
at the surface from preparation. If the specimen was too thick it may
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Fig. 4. Effects of Displacement rate on measured mechanical parameters: (a) failure stress, (b) failure stretch, (c) initial modulus 𝐸1, (d) transition stretch, (e) final modulus 𝐸2,
nd (f) percent transition. Within the range tested, the displacement rate had no statistically significant effects on the measured mechanical parameters.
ontain both the superficial and the middle zones, thus reducing the
lignment of fibers within the network (i.e. the middle zone generally
resents less alignment) and convoluting subsequent interpretations of
he resulting data. Our results show evidence of both extremes. We
ound a significant decrease in failure stress and stiffness (evident in the
lope 𝐸2) once the specimen thickness was less than 120 μm. We also
aw a significant difference in the transition and failure stretches among
he specimens of 180 μm thickness and all thinner specimens. Perhaps
e did not see a significant difference between the specimens of 200 μm
hickness and all thinner specimens due to the high variance in the
00 μm group. The particularly low variance in all of the measured
echanical parameters for the specimens of 140–160 μm thickness sup-
orts the repeatability of our proposed protocol. In practice specimens
ith thicknesses greater than 200 μm likely include the middle zone and
pecimens less than 100 μm in thickness are very difficult to handle (e.g.
earing or deforming under careful manipulation).

.4. Device

We based the force and displacement requirements of our microten-
ile testing device on the rupture stress and strain of tensile specimens
f cartilage (Kempson et al., 1973; Huang et al., 2005; Sasazaki et al.,
006).

.5. Strain rate

We aimed to determine a strain/displacement rate for tensile testing
hat ensured strain-rate independence while remaining time efficient.
e expected to find strain-rate dependence in the mechanical parame-
ers determined in our microtensile tests (𝜎𝑓 , 𝜆𝑓 , 𝐸1, 𝜆𝑡, 𝐸2, and percent
transition) but we found no significant differences in the range of rates
we explored. We concluded that strain rates between 1.5 and 60%/min
(displacement rates between 150 and 6000 μm/min) produce mechan-
ical results independent of strain rate. Strain rates below this range
only increase the total time required for mechanical testing. Strain rates
higher than this introduced significant noise into the mechanical data,
noise resulting from the rapid motion of the actuator.

Considering the viscous effects we should expect from collagen
fibers alone within our proposed range of strain rates (1.5–60%/min),
our findings agree with the current literature. Time constants related
to mechanical relaxation (viscous effects) of collagen are on the order
of 100 s (Ahsanizadeh and Li, 2015; Pierce et al., 2016), while all
f the tests here were longer (average test length ∼20 min). The
6

pper extreme of our proposed range of strain rates (equivalent to
1%/sec) is also below that considered a quasi-static strain-rate for
visco-hyperelastic modeling of tendon and cartilage (Ahsanizadeh and
Li, 2015).

4.6. Limitations and outlook

There are limitations to our proposed specimen dimensions. We
assumed specimens were homogeneous through the thickness based on
proportional definitions of through-thickness zones (Mow et al., 2005).
We thus assumed that each specimen represented only the superficial
zone and that each was unaffected by the fiber orientation inherent to
the middle zone. We did not evaluate the principal fiber orientation
within each individual specimen. Additional, we removed the top-most
superficial zone (10–20 μm of the articular surface) to remove other
fibrillar collagens (i.e. types I and III) along with functional proteins
involved in joint mobility (Ghadially et al., 1982; Fujioka et al., 2013;
Flowers et al., 2017). This method of preparation limits the number of
specimens per knee to ∼24 (best case). We assumed incompressibility
in calculating the Cauchy stresses from our measured data. Finally,
we chose to use grip-to-grip stretch in our mechanical analyses which
introduced approximately 1–6% error in the stretch. To reduce this
error, future users may measure strain in the gauge region using optical
methods or use the grip-to-grip strain adjusted by the approximate
error, cf. Appendix A.

Mechanical testing of isolated networks of type II collagen fibers
leveraging this protocol will lead to better understanding of the me-
chanics both of these networks and of the individual collagen fibers.
Such understanding may aid in the development and testing of ther-
apeutics aimed at repairing damaged tissues, e.g. those developed to
treat diseases of articular cartilage which present changes in fiber orga-
nization and bulk softening such as osteoarthritis (Matzat et al., 2013;
Szarek et al., 2020). Isolating collagen networks from osmotically-
induced pretension may also aid in understanding inter-constituent
interactions and their roles in bulk tissue biomechanics. Our protocol
may aid researchers in investigating the effects of mechanical loading
(e.g. repeated, damage-inducing, rate-dependence) and biochemical
modifications (e.g. temperature, +/−crosslinking, cell products) on
networks of type II collagen, an essential mechanical constituent within
tissues and engineered biomaterials. Such data and understanding may
also be leveraged to propose, calibrate, and validate constitutive and
multiscale models for finite element analyses of soft tissues. Finally,
our protocol could also be adapted to study other collagen-rich tissues

and biomaterials.
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Fig. 5. Experimental and computations studies using the specimen geometry reveal
hat stretches estimated from grip-to-grip measurements provide good approximations
o those estimated from measurements in the gauge region. (a) We estimated stretches
xperimentally using measurements of both the grip-to-grip distance and the distance
etween markers within the gauge region using images with a resolution of 0.09 mm.
ar = 1 mm. (b) We estimated stretches computationally using measurements of the
rip-to-grip distance within our finite element analyses and using the deformation
radient extracted from elements within the gauge region of the same model. Use of
he grip-to-grip stretch in our mechanical analyses introduced approximately 1%–6%
rror in the stretch.

Fig. 6. Collagen content after trypsin digestion. All digestion protocols that removed
>95% of the proteoglycan from cartilage were not significantly different from each
other nor from health untreated specimens in regard to the final collagen content
(Maier et al., 2019a). Median and interquartile range shown for each digestion protocol
and for untreated specimens serving as controls.
7

Fig. 7. Our digestion protocols induced mild microstructural changes in the collagen
network of cartilage. Second harmonic generation (SHG) images: (a) native and (b)
trypsin-digested specimens of cartilage. Bar = 200 μm.

Fig. 8. Finite element analyses of the proposed testing specimen at applied stretch
= 1.3. (a) First principal stresses (MPa) and (b) first principal Lagrangian strains are
nearly uniform at the center of the gauge region.
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Fig. 9. Representative (a) stress–stretch and (b) force–time responses of cartilage
specimens with thicknesses ranging from 100 to 200 μm.
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Appendix A

Experimental and computational estimates of stretches calculated
from grip-to-grip versus gauge-region measurements reveal minimal
error in the method using grip-to-grip measurements, see Fig. 5.

Appendix B

All digestion protocols we tested did not remove a significant
amount of collagen from cartilage, see Fig. 6.

However, our digestion protocol induced mild microstructural
changes in collagen structure, see Fig. 7.

Appendix C

Finite element analyses of the footprint of the proposed testing
specimen revealed that the gauge region experiences relatively constant
first principal stresses and strains, see Fig. 8.

Appendix D

Representative mechanical responses of the cartilage specimens
with thicknesses ranging from 100 to 200 μm, see Fig. 9.

Appendix E. Mechanical testing of type II collagen networks

We propose the following protocol for tensile testing of type II
collagen networks isolated from cartilage.

Specimen extraction

1. Source bovine knee joints (also known as stifle joints) from
animals less than 36 months of age.

2. Remove soft tissues (excluding cartilage) and expose the articu-
lar surfaces within the joint.
Maintain tissue hydration with phosphate-buffered saline (PBS)
either by spraying the joint surface or submerging in bath of PBS.

3. Secure the femur with the patellofemoral groove facing up (e.g.
with a bench vise).

4. Extract 10 mm by 20 mm full-thickness cuboid specimen of
cartilage including some subchondral bone using a #18 blade
and hammer.
Ensure that the long edge is perpendicular to the length of the
patellofemoral groove and do not fracture the bone as this may
deform or wrinkle the cartilage.
Place the extracted cuboids in bath of PBS.
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Specimen slicing and preparation

1. Add 2.722 g of disodium phosphate (Na2HPO4) and 3.506 g of
sodium chloride (NaCl) to 400 mL of distilled water to use as
buffer moving forward. Make fresh buffer as needed.

2. Mount the cartilage–bone cuboid specimen by clamping the bone
into the sample holder of a microtome.

3. Keep the surface of the tissue hydrated by using a pipette to drip
buffer onto the surface.

4. Adjust the microtome speed so the cut occurs quickly enough
that the blade slices the tissue (instead of pressing out the fluid
within the tissue). Adjust the slice thickness to 20 μm.

5. Slowly advance the microtome until it makes contact with the
tissue and slices the most superficial surface (10–20 μm). Stop
the microtome.

6. Adjust the slice thickness to between 140 and 160 μm.
7. Slice one layer and handle sliced specimens with care using
forceps or a paint brush. Only handle the specimen on the edges
to avoid damaging the specimen within what will become the
dumbbell shape.

8. Place slice on a flat cutting surface and use the specimen punch
to cut the dumbbell-shaped specimen. Place punched specimens
in bath of buffer.

Enzymatic digestion

1. Store trypsin at a concentration of 50mg/mL in 1 mL aliquots at
−20 ◦C. (Dilute to 0.5 mg/mL, by adding 1 mL of stock solution
with 49 mL of buffer.)

2. Mix 0.5 mg/mL trypsin in buffer solution.
3. Add specimens to solution within a heat-resistant, sealed con-
tainer (e.g. 50 mL centrifuge tubes work well).

4. Incubate specimens for 18 h at 37 ◦C.
5. Rinse specimens on a rocker table three times in buffer for
5 minutes each time.

Mechanical testing

1. Clamp the ends of each specimen using sandpaper and
cyanoacrylate glue. Place a weight on each end and a drop of
buffer on the gauge region while the glue is drying (∼3 min).

2. Mount specimen in the microtensile device in a bath of buffer at
25 ◦C.

3. Apply a tensile displacement until the force reads 0.01 N.
Slightly relax the displacement.

4. Equilibrate for 300 s.
5. Run tensile test to failure at a displacement rate between 150
and 6000 μm/min.
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