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Abstract

X-ray imaging of articular cartilage could be a breakthrough for the early diagnosis of
tissue degeneration. This approach relies on radiopaque contrast agents to enhance the
visualization of soft tissues. The potential impact of contrast agents on the mechanical
response of articular cartilage should be considered in the frame of both clinical and
research applications. Attention has been drawn to a solution containing molecules with
six iodine atoms and four positive charges (CA4+), which has been shown to improve
the X-ray visibility of articular cartilage. This study aimed to determine the effects of
a CA4+ solution on tissues’ mechanical properties. An experimental pipeline based on
indentation tests was applied to paired samples of articular cartilage before and after
the immersion in either CA4+ or phosphate-buffered saline solution, maintained at a
temperature of 22 ± 2 ◦C, for 22 h to determine the differences in instantaneous, viscous,
and equilibrium responses between the articular cartilage of the two groups. The 22 h
immersion of articular cartilage in either CA4+ or phosphate-buffered saline solution had a
significant detrimental effect on the overall response, including the instantaneous, viscous,
and equilibrium responses, of the articular cartilage. However, this detrimental effect was
greater with exposure to the CA4+ solution. Specifically, the articular cartilage was found to
be less stiff in both the instantaneous response (approximately −25%) and the equilibrium
response (approximately −38%). The softening effect could be attributable to an alteration
of the interaction between the proteoglycans of articular cartilage, induced by the positive
charges within the CA4+ contrast agent. Further investigations are needed to elucidate
whether this hypothesized mechanism is reversible.

Keywords: characterization of materials; soft tissue; mechanical properties; indentation;
articular cartilage; cartilage degeneration; early diagnosis; X-ray imaging; contrast agent;
contrast-enhanced imaging

1. Introduction
Articular cartilage (AC) is an avascular and aneural tissue that covers the ends of

opposing bone segments in diarthroses. Its unique mechanical properties, including the
absorption of shocks and distribution of articular contact pressure during locomotion,
derive from the interplay between phases, a solid matrix, and an interstitial fluid [1]. The
main components of the solid matrix are bundles of collagen fibrils and proteoglycans
(PGs), the most abundant of which are aggrecans. The three-dimensional arrangement and
concentration of collagen and PGs define the extracellular matrix (ECM) [2], in which a
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small population of chondrocytes is embedded. The interstitial fluid is primarily composed
of water and dissolved electrolytes (mainly Na+ ions) [3].

The response of such a complex structure to the sudden application of a localized
pressure to the articular surface must be split into an instantaneous flow-independent and
a flow-dependent viscoelastic response [2]. The instantaneous response is determined by
the rapid localized deformation of the ECM, resulting in the localized tensioning of the
collagen network in the superficial zone [4], reorientation of collagen network in the deep
zone [5], and an increase in both the mutual repulsive force of glycosaminoglycans [3] and
fluid pressure [6,7]. The localized increase in the fluid pressure drives interstitial fluid
flow through the porous ECM and outward across the AC tissue over time. This process
continues until the equilibrium between the applied load and the tissue reaction is reached,
at which point the fluid flow ceases [8,9]. For the purposes of this study, it is also important
to note that the fixed charge density (FCD) of the AC provides an osmotic pressure [10]
counterbalanced by the restraining stress in the collagen network. The osmotic pressure,
together with the mutual electrostatic repulsion between the PGs, determines the swelling
of the AC tissue [2].

The degeneration of the complex structure of AC tissue, whatever the cause, can
result in pain and loss of joint function, e.g., as occurs with the onset of osteoarthritis [11].
X-ray imaging is a diagnostic tool commonly used in the evaluation of a wide range of
musculoskeletal disorders. However, the X-ray visibility of AC tissue is impaired by its low
radiopacity. Two approaches have been proposed for enhancing the X-ray visualization of
AC tissue: X-ray phase-contrast imaging and the use of contrast agents (CAs). Although
different streams of X-ray phase imaging, e.g., propagation-based, diffraction-enhanced,
edge-illumination, and grating interferometry, can be found in the literature [12–15], almost
none have been successfully translated to clinical applications in the management of
joint pathologies. Notably, a clinical system implemented with grating interferometry
distinguished AC alterations in the metacarpophalangeal joints of patients affected by
rheumatoid arthritis [16]. Despite these promising results, its effectiveness on other joints
remains untested. On the other hand, CAs are selected for a specific imaging target
depending on the tissue composition [17]. Limited to AC, the imaging outcome strictly
depends on the net charge of the molecule composing the considered CA [18]. CAs can
be categorized as ionic and non-ionic, based on whether the single molecule carries a net
charge or is electrostatically neutral. Ionic CAs can be further subdivided into anionic and
cationic, depending on whether the displayed charge is negative or positive, respectively.
Non-ionic and anionic CAs have been extensively tested for AC X-ray imaging [19–28].
Despite their safety certified by regulatory bodies, clinical use of anionic and non-ionic
CAs require considerable concentrations, due to the indirect correlation between their
distribution and the AC composition cartilage (namely, a direct correlation with water
content and an inverse correlation with PGs) [22–25]. An experimental cationic iodine-
based CA, referred to as CA4+, was specifically developed to be electrostatically attracted
by the PGs of cartilage tissue [29]. The preliminary results regarding the safety and
toxicity of CA4+ are encouraging [29]. Additionally, significant correlations have been
reported between the mechanical properties and CA4+-enhanced imaging features on
different AC models and several X-ray imaging systems [29–36]. Indeed, CA4+ permeates
within AC, in concentrations directly proportional to the PG content [29,31]. However,
the exposure of AC tissue to CAs has already highlighted a significant effect on tissue
mechanical properties [37]. Therefore, the impact of any new contrast agent, such as CA4+,
on tissue mechanics should be thoroughly investigated before its use in clinical practice or
biomechanical research, as alterations to the mechanical properties of AC may affect joint
function or experimental outcomes.
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The aim of this study was to investigate the possible effects of CA4+ on the mechanical
behavior of AC tissue. Indentation tests were performed on AC samples exposed to CA4+
to determine the instantaneous, viscous, and equilibrium behavior of the tissue. The results
were compared to the behavior of a control group, which underwent the same experimental
protocol except for the exposure to the CA.

2. Materials and Methods
2.1. Preparation of Contrast Agent Solution

The CA used in the present work is CA4+ (5,50-[Malonylbis(azanediyl)]bis[N1,N3-
bis(2-aminoethyl)-2,4,6-triiodoisophthalamide] chloride). CA4+ molecules include six iodine
atoms each. They have the following characteristics: molecular weight mw = 1354 g/mol,
iodine fraction per molecule f = 0.5084, net positive charge q = +4. Therefore, CA4+
molecules are electrostatically attracted to the negative FCD of PGs.

Synthesis of CA4+ salts was carried out according to the work of Stewart et al. [29].
CA4+ solution was prepared dissolving its salts in phosphate-buffered saline (PBS) solution
(7.4 pH, Life Technologies Europe B.V., Bleiswijk, The Netherlands), to obtain a concentra-
tion of 10 mgI/mL. This value is lower than the 12 mgI/mL used in the aforementioned
study. The rationale for this reduction is that a concentration of 10 mgI/mL has been proven
effective in achieving the X-ray attenuation of AC [38]. Using a lower salt concentration to
enhance AC radiopacity may reduce the risk of a possible impact on tissue and side effects
in patients. The pH of the obtained solution was adjusted to a value of 7.4 by adding NaOH
4 M. The osmolality (osmometer TypM 10/25 µL, accuracy 1 mOsm/kg, Löser Messtechnik,
Berlin, Germany) of the CA4+ solution was 419 mOsm/kg. For comparison, the osmolality
of the PBS solution was 307 mOsm/kg.

2.2. Extraction of Osteochondral Tissue Samples

Parallelepiped shaped samples, approximatively 20 mm in thickness, were excised
from fresh tibio-femoral surfaces of bovine stifle joints obtained from a local slaughterhouse
within 24 h of slaughter. The parallelepiped shaped samples were taken from regions with
different AC thicknesses to capture the full spectrum of thicknesses, and from both the
femur and tibia to represent the entire joint. After excision, parallelepiped shaped samples
were wrapped in gauzes soaked in PBS solution and frozen at T = −20 ◦C (first freezing
cycle). After thawing in PBS at 4 ◦C for one hour, osteochondral (OC) cores—10 mm in
diameter—were extracted from each excised parallelepiped shaped sample. Depending
on its size, two or four OC cores were extracted from each parallelepiped shaped sample.
OC cores were extracted by means of a computer numerically controlled milling machine
(ProLight 2000, Light Machines Corporation, Manchester, NH, USA) equipped with a
diamond-coated coring tool with a 10 mm inner diameter. The parallelepiped shaped
sample was kept fully immersed in PBS solution at room temperature during the process.
OC cores were extracted at points where the surface was as flat as possible, perpendicular
to the local articular surface. Each OC core was cut on the trabecular bone side to adjust its
height to approximately 10 mm. Therefore, each OC core included AC tissue, subchondral,
and trabecular bone. OC cores from adjacent locations were paired. A total of 36 matched
pairs of OC cores were extracted. For each pair of OC cores, one was randomly assigned
to the CA4+ treated (contrast-enhanced CE) group while the other was assigned to the
PBS-treated (Control) group. After harvesting, each OC core was enveloped in PBS-soaked
gauze and frozen at T = −20 ◦C until Parallelepiped indentation test (second freezing cycle).
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2.3. Indentation Tests

Subgroups of six OC cores were thawed in PBS solution at T = 4 ◦C overnight. The AC
thickness was measured prior to testing. Each OC core was blotted from any excess of PBS
solution and placed in a custom-made polymethyl methacrylate sample holder. Four pla-
nar images of each OC core were acquired via X-ray µCT system (SkyScan 1072, SkyScan,
Aartselaar, Belgium), each after a 90–rotation of the sample (X-ray tube voltage = 50 kV,
current = 197 µA, 1-cm Al filter, pixel size = 11.5 µm, exposure time = 5.9 s). AC thickness
was determined using a custom-made MATLAB code (MATLAB version R2022b, Math-
Works, Natick, MA, USA), according to the following steps: (i) preliminary crop of planar
images to exclude residual portion of the sample holder; (ii) differentiation of AC layer from
mineralized tissue and air; (iii) binarization of AC layer; (iv) exclusion of possible spurious
pixels; (v) counting of the number of pixels within the AC layer in the vertical direction.
The counting was limited to a 10 pixel-thick peripheral annulus of the AC layer to avoid the
inevitable overlap caused by projecting the 3D curved layer onto the planar image, which
could introduce errors to the thickness calculation; (vi) averaging the calculated values
over the four planar images.

The six OC cores were then placed in a custom-made polyacetal sample holder with
six cavities, with an inner diameter of 10 mm and depth of 20 mm. Before placing the
OC cores in the cavities, a small amount of polymethyl methacrylate was poured into the
bottom of each cavity to constrain the core on the trabecular bone side, and a silicone-
based grease was applied to the lateral surface of AC. It has been proven that a small
continuous amount of grease around the entire circumference prevents any leakage of
aqueous solution into the small gap between the edge of AC and the inner surface of the
cylindrical cavity [38]. Then, 0.5 mL of PBS solution was added to each cavity, i.e., on
the top surface of the OC cores, to keep the AC wet. The sample holder was mounted
on the X-Y motorized table of the testing machine (Mach-1 V500css, Biomomentum Inc.,
Laval, QC, Canada). Each OC core underwent the following procedure: (i) a preliminary
indentation to precondition the AC tissue, (ii) three indentations, each performed after a
resting period of 40 min, (iii) resting for 22 h at a temperature of 22 ± 2 ◦C, to ensure that
diffusion equilibrium had been reached [38] while keeping the sample mounted on the
testing machine to ensure that the indentation test is performed in the same position, after
replacing the PBS solution with 0.5 mL of CA4+ (CE group) or fresh PBS solution (Control
group), (iv) an additional preliminary indentation, (v) three indentations, each performed
after a resting period of 40 min (see Figure S1 in the Supplementary Materials Section).
This two-groups experimental design was necessary to distinguish the effect of CA4+ from
any modifications in the mechanical response of the AC due to tissue alterations over time.
The entire process for each subgroup of six OC cores took 30 h, during which the OC cores
were kept at room temperature [39].

The indentation test involved applying a 6 mm spherical indenter perpendicular to
the articular surface of the OC core (see Figure S2 in the Supplementary Materials Section)
at deformation rate of 0.15 s−1, i.e., 15%/s. To ensure consistent preloading at the start of
the indentation test, the initial contact between the indenter and AC was defined using a
load-based criterion, i.e., when the load reached 70 mN. The test was conducted to achieve
a maximum nominal deformation equal to 15% of AC thickness at the center of the OC
core [40]. The nominal deformation was maintained for 300 s [41] to monitor the stress
response over time (relaxation test). A pilot study had previously been carried out to
verify that this duration would result in a negligible load relaxation rate (<0.01 N/s) by
the end of the period. The above reported protocol was used for both the preliminary
indentation and the three indentations employed to determine the mechanical properties of
AC (see Figure S1 in the Supplementary Materials Section). The instantaneous response of
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AC was evaluated in terms of maximum reaction load (S0) reached during indentation, and
instantaneous elastic modulus (E0). S0 was measured experimentally by the multiple-axis
load cell (accuracy 1% within the measurement range). E0 was calculated by fitting the
load-displacement indentation curve to the Hayes model [42], by setting the Poisson’s
ratio to 0.45 [43]. The viscous behavior of the AC was evaluated in terms of load decay,
starting from the beginning of the test, and speed at which the equilibrium was reached.
This behavior was quantified by the time constant (τ) and the stretching parameter (β)
of a stretched exponential function [44] used to fit the load–time relaxation curve (see
Appendix A). Such a function was implemented by minimizing the root mean square error
through a custom-made MATLAB script. The fluid flow-independent property of AC,
i.e., when all fluid flow has ceased, was evaluated in term of equilibrium modulus (Eeq).
Eeq was calculated using the Hayes equation, based on the load measured experimentally
by the load cell at equilibrium, i.e., 300 s after the start of the indentation test, and consid-
ering the involved geometries [41]. In calculating Eeq of AC, a Poisson’s ratio of 0.3 was
assumed [45,46]. All the values of the five parameters (S0, E0, τ, β, Eeq) were normalized to
the value measured in the first indentation test to determine the percentage change between
subsequent indentation tests.

2.4. Statistical Analysis

Differences in AC thickness between the CE and Control groups were assessed using
the Wilcoxon signed-rank test.

Differences in S0, E0, τ, β, or Eeq values measured during the first indentation between
the CE and Control groups were also evaluated with the Wilcoxon signed-rank test.

Any upward or downward trend in S0, E0, τ, β, or Eeq values measured during
the first three indentations, i.e., before 22 h of immersion in solution, or the second three
indentations, i.e., after 22 h of immersion in solution, were assessed using the Friedman test.

The effect of 22 h immersion in solution on the mechanical behavior of the AC within
each group was investigated by applying the Mann–Whitney signed-rank test to the
normalized values of S0, E0, τ, β, or Eeq, i.e., the changes in the values of the five parameters
between the two series expressed as per cent of the initial value (percentage change).
Finally, the effect of the CA4+ solution was analyzed by applying the Mann–Whitney test
to compare the percentage changes between the CE and Control groups.

3. Results
The AC thickness values of OC cores for the CE group and Control group were in the

range of 0.8–3.1 mm and 0.8–3.0 mm, respectively. No significant difference was found
between the two groups (CE group median thickness 1.5 mm, Control group median
thickness 1.4 mm, Wilcoxon signed-rank test: p = 0.82). By considering a sphere-plane
Hertzian contact, the contact radius (a) was calculated to be in the range of 0.8–1.6 mm.
Since the AC area affected by indentation extends to less than 3a [40]—which in our series
was always smaller than the OC core radius—boundary effects were unlikely to influence
the AC tissue response to indentation.

A total of 432 indentation tests were performed, neglecting the preconditioning proce-
dure of AC tissue. The indentation procedure on the untreated AC tissue appeared to be
repeatable, as evidenced by the coefficient of variation calculated for the five mechanical
parameters (Table 1).

The mechanical response of the AC tissue of the 72 OC cores measured during the first
indentation differed by up to an order of magnitude. The range of variability, including the
minimum and maximum values, of the computed mechanical parameters are reported in
the following: S0: 0.7–9.9 N; E0: 0.6–28.9 MPa; τ: 1.0–15.4 s; β: 0.326–0.657; Eeq: 0.1–1.2 MPa.
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No difference was found between the two groups in the S0 (Wilcoxon signed-rank test:
p = 0.24), E0 (Wilcoxon signed-rank test: p = 0.73), τ (Wilcoxon signed-rank test: p = 0.27), β
(Wilcoxon signed-rank test: p = 0.85), and Eeq (Wilcoxon signed-rank test: p = 0.08) values
measured during the first indentation.

Table 1. Distribution of the coefficient of variation for the five mechanical parameters across the first
three indentation tests (untreated AC tissue).

Percentile
CE Group Control Group

S0 E0 τ β Eeq S0 E0 τ β Eeq

5th 0.3 0.6 0.4 0.1 0.5 0.6 0.4 0.2 0.1 0.5
25th 0.7 1.3 0.8 0.3 1.0 0.9 1.0 0.8 0.3 1.3
50th 1.3 1.6 1.3 0.5 2.1 1.6 1.9 1.4 0.4 2.2
75th 2.9 3.1 2.8 0.7 3.5 1.9 2.8 2.6 0.7 3.2
95th 6.4 8.0 5.4 1.3 8.5 3.3 4.1 8.0 1.5 4.2

No significant trends over test repetitions were found in the first three or the second
three indentations in both the CE and Control group for all calculated parameters, except
Eeq:Eeq values showed a small, but systematic, downward trend in both the first three
and the second three indentations regardless of the group (Friedman test: p < 0.001 in
all four cases). The downward trend was similar for the two groups in the first three
repetition (median reduction between the first and the third indentations about 3%), as
was the reduction observed in the CE group in the second three indentations (median
reduction between the fourth and the sixth indentations about 3%) The reduction observed
in the Control group in the second three indentations was a few percentage points greater
(median reduction between the fourth and sixth indentation about 8%). To exclude the
effect of such a downward trend, the effect of CA4+ on Eeq was calculated as the differences
between the medians of the 36 values of the third and fourth indentation sets. Normalized
parameter trends across tests are shown in Figures 1–3.

 
 (a) (b) 

Figure 1. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower
edge of error bars) of the percentage changes in S0 (a) and E0 values (b) before (1st, 2nd, and 3rd
indentation test) and after (4th, 5th, and 6th indentation test) 22 h of immersion in solution are shown
(grey markers: CE group; white markers: Control group). The values shown in the figure were
calculated as the differences between the medians of the 108 values measured in the first three and
the 108 values measured in the second set of indentation tests.
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 (a) (b) 

Figure 2. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile
(lower edge of error bars) of the percentage changes in τ (a) and β values (b) before (1st, 2nd, and
3rd indentation test) and after (4th, 5th, and 6th indentation test) 22 h of immersion in solution are
shown (grey markers: CE group; white markers: Control group). The values shown in the figure
were calculated as the differences between the medians of the 108 values measured in the first three
and the 108 values measured in the second set of indentation tests.

 
Figure 3. The median (markers), 75th percentile (upper edge of error bars), and 25th percentile (lower
edge of error bars) of the percentage changes in Eeq values before (1st, 2nd, and 3rd indentation test)
and after (4th, 5th, and 6th indentation test) 22 h of immersion in solution are shown (grey markers:
CE group; white markers: Control group). The values shown in the figure were calculated as the
differences between the medians of the 36 values measured in the third and the 36 values measured
in the fourth set of indentation tests to exclude the effect of the downward trend.

The 22 h immersion of AC in the CA4+ solution had the following significant effects
(Mann–Whitney signed-rank test: p < 0.001 in all five cases): 31.3% reduction in S0, 29.5%
reduction in E0, 13.1% reduction in τ, 1.8% increase in β, 59.0% reduction in Eeq, with the
latter calculated as the difference between the medians of the 3rd and 4th indentation tests.

On the other hand, keeping the AC immersed in the PBS solution had the following
significant effects (Mann–Whitney signed-rank test: p < 0.001 in all five cases): 6.9%
reduction in S0, 3.5% reduction in E0, 16.0% reduction in τ, 1.3% reduction in β, 21.2%
reduction in Eeq, with the latter calculated as the difference between the medians of the 3rd
and 4th indentation tests.

When comparing the percentage changes between the two groups, immersion in CA4+
solution led to the following significant differences relative to immersion in PBS solution: a
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24.4% reduction in S0 (Mann–Whitney: p < 0.001), a 26.0% reduction in E0 (Mann–Whitney:
p < 0.001), 37.8% reduction in and Eeq (Mann–Whitney: p < 0.001), and a 3.1% increase in β

(Mann–Whitney: p < 0.001). No significant difference was found in the τ values between the
two groups (Mann–Whitney: p = 0.76). Figure 4 is representative of the response measured
on matched paired OC cores after 22 h of immersion in CA4+ or PBS solution.

 
 (a) (b) 

Figure 4. Load trends measured on matched paired OC cores (grey line: OC core immersed in CA4+
solution; white line: OC core immersed in PBS solution) during the 4th indentation are shown as a
function of indentation depth, up to 15% of AC thickness (a), and as a function of time (b). The peak
load is reached in 1 s. In both graphs, the load values have been normalized to the maximum load
measured on the same OC core during the 1st indentation (note: if there were no alterations in the
mechanical response of the AC, the peak load should have reached 100%).

4. Discussion
The aim of the present study was to investigate possible alterations in the AC mechan-

ical response related to the use of a cationic iodine-based contrast agent CA4+.
The design of this study attempted to account for the altered mechanical response of

the AC resulting from simply managing the tissue. Indeed, immersion in PBS solution,
maintained at a temperature of 22 ± 2 ◦C, for 22 h, alters the AC tissue response, though to
a lesser extent than immersion in CA4+ solution. This result deserves a brief discussion
before addressing the effect of CA4+ on the tissue. It has been found that immersion of
AC in PBS solution, maintained at a temperature of 4 ◦C, for 6 days does not significantly
alter the mechanical behavior of the tissue, while a significant effect has been found after
12 days [47]. It is also known that increasing the temperature of the solution increases the
degradation rate [48]. Therefore, it is reasonable to assume that the temperature of 22 ◦C
used in this study accelerated the process reported by Changor et al. [47]. On the other
hand, it must also be considered that the sample size of this study, along with the statistical
analysis method—which tracks variations in each specimen—allows for the detection of
statistically significant, even small percentage changes, even if of small entities. This is
supported by the Eeq variation found in all 72 OC cores across the first three repetitions
(Figure 3), which show a small but systematic decrease in Eeq. In any case, the design of
this study includes the control group with the aim of isolating the effect of the CA4+ on the
mechanical properties of AC.

The comparison between the data acquired from the two groups suggest that the
exposure to CA4+ alters both the instantaneous and equilibrium response of AC to a
localized compression (i.e., indentation). As both the responses do not imply any fluid
flow, it can be inferred that the altered response is due to a modification in the ECM
tridimensional arrangement and, thus, a reaction to an external impulse. PGs located
within the ECM confer FCD to its structure. When the AC is immersed in saline solution,
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FCD determines the Donnan osmotic pressure, AC swelling, and, ultimately, the collagen
framework pretension [49]. The key role of FCD in the compressive behavior of AC is
therefore heavily influenced by both the concentration and type (i.e., valence) of dissolved
cations [50]. Indeed, it has been demonstrated that AC immersed in a physiological
concentration solution in which monovalent ions (Na+) were replaced by divalent ions
(Ca2+) leads to a compaction of the PG layers as well as bridging between the opposing
PG layers [49]. The compaction of the adjacent PG layers, and the subsequent softening of
AC, is expected to be further increased after AC immersion in a solution with a higher ion
concentration also containing quadrivalent cations [51]. This is the case of the interaction
between the positively charged molecules of CA4+ and negatively charged PGs. As a result,
the PG molecules crimp, decreasing their spatial extension and, thus, the pretension applied
to collagen bundles. The direct consequence of such a phenomenon could be associated
with a decrease in the fluid-independent mechanical response of AC, i.e., the instantaneous
and equilibrium response [52]. The osmolality of the solution is also a contributing factor to
the softening mechanism. Indeed, it has been demonstrated that the immersion of bovine
AC in a hyperosmolar solution of anionic CA induces an overall softening of the tissue.
Such an effect was attributed to a decrease in pressure between the tissue and the CA bath,
along with diminished repulsive forces exerted by PGs. Furthermore, the immersion in this
hypertonic CA solution determined a net water flow exiting the tissue. Overall, the tension
among collagen fibers decreased, resulting in a reduced fluid pressure under loading [53].
Although in the present study, the difference in osmolality between the CA4+ solution and
PBS (100 mOsm/kg) is smaller if compared to the aforementioned study (300 mOsm/kg),
the described softening mechanism may have played a reduced, but still present, role.

On the other hand, the exposure to CA4+ seems to have a minimal effect on the viscous
properties of AC tissue. Indeed, small variations—a slight increase in the value of the
stretch parameter β—were observed in the shape of the decay, specifically the final phase
of the relaxation when the pressure gradients within AC are reduced. It is worth noting
that all other parameters—therefore, S0 and τ—being equal, a slight increase in the stretch
parameter β results in a slightly steeper knee of the curve, leading to a shorter time to
reach the horizontal asymptote (see Appendix A). However, not significant variations were
observed in the initial transient, i.e., in the fast initial decrease in the curve of Figure 4b,
perhaps due to the large scatter of this response. On the other hand, the initial transient
depends on the pressure impulse produced by the indentation. As CA4+-treated AC
exhibits smaller values of instantaneous modulus, and therefore lower pressure impulse, it
cannot be excluded a priori that under similar pressure gradients, the initial transient might
provide different results. Otherwise, the following can also be hypothesized (i) the distorted
ECM, due to the exposure to CA4+, was less effective at counteracting the fluid flow through
the AC layers than the undistorted ECM and/or (ii) the amount of fluid that must flow
is reduced due to the immersion in a hypertonic CA4+ solution, which determined the
aforementioned net water flow exiting the tissue. Whatever the cause, it seems to be a
minor effect compared to the effect on the instantaneous and equilibrium response.

This study has some limitations. First, OC cores were extracted from bovine stifle
joints. This choice was driven by the wide sample size of the paired OC cores—including
intact AC—that needed to be collected in a reasonable timeframe. Opting for OC cores
from human knees would have made it impossible to comply with the project timeline.
Nevertheless, bovine AC presents similar viscoelastic trends to those of human AC [54].
Therefore, the findings retrieved by the present study can be extrapolated to human OC
cores. Second, the AC of the OC cores exhibited highly variable mechanical behavior,
despite the preliminary optimized indentation testing protocol. The high variability in the
mechanical response has already been reported for AC [54–58] and was expected, given
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the criterion used for OC core extraction. However, by pairing OC cores, it was possible to
obtain two groups with comparable mechanical properties. In addition, by using each OC
core as its own reference, it was possible to calculate the relative variation in percentage
points of the computed parameters, thus equalizing all OC cores regardless of the absolute
mechanical response of their AC [40]. Third, all OC cores underwent two freeze–thaw
cycles. Previous studies have suggested that freeze–thaw cycles may affect the mechanical
properties of AC [59,60]. The design of this study involved the paired OC cores of the
Control and CE group undergoing the same procedure. Thus, any effects of freeze–thaw
cycles on the tissue mechanical properties should be equally reflected in both groups.
Fourth, indentation tests were performed at a deformation rate of 0.15 s−1, i.e., 15%/s.
Given that the AC thickness ranged from 0.8 to 3.1 mm, the corresponding indenter
speed required to achieve this deformation rate was between 0.120 and 0.465 mm/s. To
simulate impact loading conditions, these values should be increased by two orders of
magnitude [61]. However, it has been demonstrated that the indenter speeds within the
range used in this study ensure interstitial fluid support [62], therefore are appropriate
for evaluating the AC instantaneous response. Additionally, the set deformation level
of 15% is just one of the possible values that may occur in vivo. Nevertheless, this value
is representative of the AC deformation under full body weight [63,64] and therefore is
suitable for, and already adopted in, comparative biomechanical testing of the knee AC [65].
Fifth, possible effects due to differences in the osmolality of the CA4+ solution were not
investigated. The investigation of modifications in osmolality would have introduced an
additional source of variability, making unfeasible the study of all the possible combinations.
However, the osmolality of the CA4+ solution used in the present study fell within the
range reported in the literature and was selected due to the efficacy of such a formulation
in enhancing the radiopacity of AC [23,29].

Despite these limitations, the acquired data enabled the evaluation, through compari-
son, of the effect of the exposure to CA4+ on the response of AC to indentation, highlighting
significant alterations in both the instantaneous and equilibrium responses.

5. Conclusions
The exposure of AC to a CA4+ solution with an osmolarity of 419 mOsm/kg signifi-

cantly alters both the instantaneous and equilibrium responses of AC to indentation. The
effect appears to be a softening of the AC tissue, likely due to the interaction between the
three-dimensional distribution of positive charges within CA4+ and the PGs in the ECM,
which may alter the PG–PG interaction contributing to AC compressive behavior. Whether
this hypothesized mechanism damages AC, or whether the effects of CA4+ exposure are
reversible through articular lavage, remains to be demonstrated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma18132943/s1, Figure S1: flow chart showing the experimental
design of this study. Figure S2: schematic of the indentation test. Annex S1: dataset of S0 values
normalized to the value measured in the first indentation; Annex S2: dataset of E0 values normalized
to the value measured in the first indentation; Annex S3: dataset of τ values normalized to the value
measured in the first indentation; Annex S4: dataset of β values normalized to the value measured
in the first indentation; Annex S5: dataset of Eeq values normalized to the value measured in the
first indentation.
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Abbreviations
The following abbreviations are used in this manuscript:

AC Articular cartilage
CA Contrast agent
CE Contrast-enhanced
ECM Extracellular matrix
Eeq Equilibrium modulus
E0 Instantaneous elastic modulus
FCD Fixed charge density
OC Osteochondral
PBS Phosphate-buffered saline
PG Proteoglycan
S0 Maximum reaction load
β Stretching parameter of the stretched exponential function
τ Time constant of the stretched exponential function

Appendix A
The stretched exponential model [66] is described by the function:

S(t) = (S0 − Seq) e−(t/τ)β + Seq

where

S(t) is the load value at time t;
S0 is the maximum load value reached at the end of the indentation test;
τ is the time constant;
β is the stretching parameter (0 < β <1);
Seq is the equilibrium load value reached at the end of the relaxation.

The load cell of the testing machine measured the load value S0 at the end of the
indentation test, which was the initial load from which load relaxation began. It also
recorded the load S(t) at a given time t and the equilibrium load Seq at the end of the
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relaxation test. The two parameters τ and β were determined using a non-linear least-
squares fitting routine.

Figure A1 shows the effect of variations in the time constant τ. A reduction in τ results
in a larger value of 1/τ and, consequently, a faster drop in S(t) at the beginning of the
relaxation test.

 

Figure A1. The effect of varying the time constant τ is shown by comparing τ = 6 s (black curve)
and τ = 3 s (grey curve), while keeping all other parameters of the stretched exponential function
unchanged (S0 = 5 N; β = 0.5; Seq = 0 N). Note: The 50% reduction in the time constant was made for
illustrative purposes only, to make the effect of the variation visible in the graph. Seq was set to zero
to better highlight how the final part of the curve tends toward a horizontal asymptote.

Figure A2 shows the effect of variations in the stretching parameter β. A reduction in
β causes the curve to stretch more, thereby modifying the rate of decay, making it more
gradual after the initial rapid drop.

 

Figure A2. The effect of varying the stretching parameter β is shown by comparing β = 0.5 (black
curve) and β = 0.4 (grey curve), while keeping all other parameters of the stretched exponential
function unchanged (S0 = 5 N; τ = 6 s; Seq = 0 N). Note: The 20% reduction in the stretching parameter
was made for illustrative purposes only, to make the effect of the variation visible in the graph. Seq

was set to zero to better highlight how the final part of the curve tends toward a horizontal asymptote.
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