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Abstract

The accurate identification and determination of apparent elastic modulus and toughness, as well as
other functional mechanical attributes of artificial tissues, are of paramount importance in several
fields of tissue science, tissue engineering and technology, since biomechanical and biophysical
behavior is strongly linked to biological features of the medical implants and tissue-engineering
scaffolds. When soft or ultra-soft materials are investigated, a relevant dispersion of elastic modulus
values can be achieved, due to the strain-stiffening effects, inducing a typical non-linear behavior of
these materials, as a function of strain-range. In this short communication, the Apparent elastic
modulus strain-range dependence is estimated from a segmentation of the strain stiffening curve, and
the related compressive toughness is investigated and discussed, based on experimental evidence, for
6 different kinds of gels, used for artificial tissue fabrication; experimental results are compared to
mechanical properties of native human tissues.

1. Introduction

Natural and synthetic gels are easily moldable in three-dimensional structural matrices and scaffolds
able of giving rise to tissues with analogous mechanical properties of native human tissue [1 — 8],
from the microscale (cellular scale) [9 — 10] up to the macroscale (organ scale) [11 — 12]. Gel-based
scaffolds, due to the ability to tailor mechanical behavior to mimic natural tissues, are extensively
applied as biomaterials over a broad range of both in-vitro and in-vivo applications, such as tissue
regeneration [13], tissue restoring/replacing [14], drug delivery [15], vascularization [16], and
simultaneous seeding of multiple cells [17]; gel-based matrices are widely used for wound healing
and repair [18 — 20], as well as for cosmetic applications [21 — 23]. Mechanical properties of these
biomimetic structures, beyond being related to biological and biomechanical features, such as
biocompatibility, biodegradability, and functionality of medical implants [24 — 27], significantly
influence adhesion, growth, and differentiation of cells: biomechanical cues of tissue-engineering
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scaffolds, integrated with biomolecular cues, allow to maintain pluripotency or to induce
differentiation in stem cells [28]. Moreover, the elastic properties and the toughness of gel-based
matrices are effective representatives of typical largescale deformations of human organ tissues, up
to traumatic failures and lacerations [29 -32]. As a consequence, an accurate characterization of
mechanical properties, in terms of apparent elastic modulus E and toughness W; of artificial tissues,
allows evaluating with reliability the technical performances, biological behaviors, or other related
phenomena associated with them.

Strictly speacking, since the Young’s Modulus value cannot be univocally identified for soft or ultra-
soft artificial tissues, due to the strain-stiffening effects [33], inducing a non-linear elastic behavior
[34], the elastic response to mechanical stresses is defined in terms of apparent elastic modulus.
Experimental procedures and measurement methods can affect experimental results [35 — 37], as well
as temperature and strain rate [38]. As a result, the elastic properties of soft artificial tissues should
be expressed with well-defined boundaries conditions. In this paper, based on accurate experimental
evidence, apparent elastic modulus and compressive toughness (within strain-stiffening effects) of
soft and ultra-soft gel-based matrices, are investigated and discussed, as a function of the strain-range;
experimental results are compared with data collected in the relevant literature, and an extensive (not
exhaustive) bibliographic review is provided as a reference for both materials and methods here
discussed.

Functional mechanical attributes of native human tissues have been investigated since the first
decades of the last century [39]. Experimental observations, based on tensile and compressive tests
on muscles, skin, tendons, and other soft tissues, often showed a very peculiar behavior (sometimes
recognized as leather-like behavior) with a “stretched-elastic” response, up to the laceration point [40
—48]. As schematically shown in Figure 1, a native tissue shows exponential relations between stress
and strain, both in compression and tension, due to the inherent responsiveness of the elastin-collagen
network to recover and compensate deformations [49].
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Figure 1. The stretched-elastic responses in tension and compression of human skin and an
idealization of the corresponding elastin-collagen network deformations.

According to the literature, as shown in Figure 2, for native soft tissues and organs apparent elastic
modulus E ranges on average from 0.1 kPa up to 500 kPa [50, 51], depending on the function and
location of the tissues.
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Figure 2. Typical ranges of apparent elastic modulus of several native soft human tissues.

In general terms, as shown in the following sections, three-dimensional structural gel-based matrices
and scaffolds opportunely molded, allow to mimic mechanical behaviors in compression, and the
related elastic and tough responses [52 — 54], very close to the natural behavior of native human
tissues [55 — 61].

2. Materials and experimental method
2.1 Natural and synthetic gel-based tissues

Six gel-based samples, used as tissue-engineering scaffolds, have been molded in cylindrical shape
samples (diameter 50 mm, height 30 mm), except Sample #6 (diameter 30 mm, height 5 mm), to
perform the unconfined bulk compression tests. The elastic response of the examined gel-based
samples is defined in terms of apparent elastic modulus and compressive toughness in the macroscale
range. As a polymeric matrix of tissue-engineering scaffolds, three polysaccharides, two synthetic
polymers, and one ECM-gel have been used, respectively: Agar [62], Carrageenan [63], Gellan Gum
[64], Polyvinylalcohol (PVA) [65], Polyacrylamide (PAA) [66], and Extracellular matrix made from
Engelbreth-Holm-Swarm (EHS) sarcoma of mus musculus [67]. In Table 1, the sample id number,
the gel-based typology, and the chemical composition and description, are shown.

Table 1. The gel-based samples analyzed in this investigation.

Sample # Gel-based Typology Chemical composition

#1 Agar natural, Iinez?lr polysaccharide, soft gel in
aqueous solution

49 k-Carrageenan natural, Iinea}r polysaccharide, rigid gel in
aqueous solution
natural, anionic polysaccharide, hard gel in

#3 Gellan Gum . ‘onic polysaccharl gel |
presence of divalent ions in agueous solution

. Synthetic, vinyl polymer, highly elastic hydro-

#4 Polyvinylalcohol gel after freeze thaw cycles of aqueous solutions

45 Polyacrylamide Synthetic, linear polymer of acrylamide, soft
water absorbent gel




Natural, network of extracellular macromolecules
#6 ECM-gel forming hard or soft gel depending on composition
and concentration in cell culture media

Agar (2 % in weight) sample has been prepared by dissolving Agar in water and heating up to 80 °C
for 5 min. Then it was poured into the mold while cooling.

Carrageenan is a linear sulphated polysaccharide extracted from red edible seaweeds. In our
experiments, k-Carrageenan (2 % in weight) has been dissolved in water then heated up to 80 °C for
5 min and poured into the mold while cooling.

Gellan Gum is a more complex polysaccharide, which consists of two residues of D-glucose and one
of each residue of L-rhamnose and D-glucuronic acid. In this case, the electrostatic crosslinking
mechanism, using divalent ions, has been exploited. A Gellan Gum (2 % in weight) has been prepared
by dissolving Gellan Gum in water and heating up to 70 °C, once the solution was homogenous it has
been poured into the mold and left cooling. Then the soft gel was dipped into 1 M solution of CaCl>
overnight to increase the hardness of the sample by the crosslinking action of Calcium ions

Polyvinylalcohol (PVA) sample has been prepared to exploit the freezing—thaw technique using a
PVA (98 kDa). A 5 % in weight solution has been dissolving PVA in water and heating up to 80 °C
for 5 min. Once the solution was homogenous it was poured into the mold and then it was kept at - 25
°C for 18 h. The cycle has been repeated twice.

Polyacrylamide sample has been prepared by one of the methods to polymerize acrylamide. Briefly:
0.526 gr of N, N'-methylene-bis-acrylamide has been dissolved into 100 ml of an aqueous solution of
acrylamide (10 % in weight). Then 1 ml of ammonium persulfate (10 % in weight) has been added
to the solution and 0.5 ml of Tetramethylethylenediamine has been used to initiate the polymerization
reaction. By using this monomer/cross-linking agent ratio, we estimate that the sample has a cross-
linking density of about 3-4 mole/m?, as reported in [68]. The solution was then poured into the mold
and it will be hereafter referred to as PAA.

Biological supports based on extracellular matrix (ECM) are generally derived by “decellularizing”
intact tissues, so the resulting ECMs are made up of the structural and functional molecules that
characterize the native tissue such as collagen, laminin, fibronectin, growth factors,
glycosaminoglycans, glycoproteins, and proteoglycans. For the study of cell proliferation
mechanisms, these matrices are usually diluted in a 1:1 ratio in culture solutions (Dulbecco’s
Modified Eagle’s Medium). However, since in our testing measurment set-up the sample have to
retain the shape for its own weight and the action of the deforming plate for these trials the elastic
properties of the concentrated ECM gel ( ECM gel from Engelbreth-Holm-Swarm murine sarcoma
conc. 8-12 mg/ml fro Sigma Aldrich) samples have been studied. ECM is usually stored at a
temperature of -25 °C, so the samples have been thawed 24 hours before use and then poured ina
smaller cilindircal mould (dimenter 4 cm, height 1.5 cm).



2.2 Experimental system and test procedure

The functional mechanical attributes, in terms of apparent elastic modulus E and compressive
toughness W, of the above-mentioned tissue-engineering scaffolds, have been determined from the
stress-strain diagrams of the engineering uniaxial compression test until breaking. Measurements
have been carried out at a constant temperature of 20 °C with a slow constant strain rate of 3-103s
(i.e., 0.1 mm-s? of deformation rate). Samples have been placed between two aluminum parallel
plates and have been compressed by a linear displacement acting perpendicularly on the upper surface
of gels. Parallel plates have been lubricated with a thin layer of glycerine to prevent any friction
between samples and plates and also to guarantee a homogeneous uniaxial deformation.
Measurements have been carried out in displacement control and the resulting force has been
measured downstream, as detailed described in [36]. The linear displacement has been measured with
an accuracy of 1 um (resolution 0.1 um) and the resulting forces have been measured with an accuracy
of 10 mN (resolution of 1 mN). A picture of the complete experimental setup, in the climatic cell, is
showed in Figure 3.

BREAKING

Figure 3. Experimental device to perform uniaxial unconfined compression test and details of a gel-
based sample compressed until breaking.

2.3 Mechanical models

Experimentally, apparent elastic modulus E is determined in compression from the ratio between the
incremental stress and the incremental strain applying the classical Hooke’s law at a constant strain
rate, as shown below:
_B0_F b
E= Ae A AL (1)

where E is the apparent elastic modulus (Pa), Ao incremental compressive stress (Pa), A¢ incremental
compressive strain (dimensionless), F compression force (N), A surface area of the sample (m?), on
which the force acts, lo initial thickness of the sample (m), and Al is the occurring deformation (m)

due to the application of F within the strain range in which the sample under investigation shows an
elastic behavior.



The compressive toughness W (kJ-m) is determined by calculating the area under the stress-strain
curve, by taking into account the stored energy, in terms of work-of-fracture during compression test,
as follows:

W =J,"0de 0

Where & is the extensibility, defined as the maximum value of strain, within the stretched-elastic
region. Extensibility & corresponds to yield strain value & if the material shows a ductile-like
behavior, or breaking strain value & if the material shows brittle-like behavior; the corresponding
stress value og defines the strength of the material at the breaking or yielding point. According to
these boundary conditions, the compressive toughness W, quantitatively corresponds to the modulus
of resilience.

To accurately interpolate the experimental data and to build suitable functions to be integrated, as
shown in relation (2), the stress-strain curve is fitted with cubic polynomial functions, based on the
closest to 1 value of the coefficient of determination, as follows:

ogle)=a-3+b-?+c-e+d (3)
Where a, b, ¢, and d are fitting parameters.

In equation (1), the quantity E is determined from the linear best-fit of the measured stress-strain
curve: the angular coefficient supplies elastic (or storage) modulus value. Nevertheless, due to the
peculiar elastic response of gel-based, a stress-strain “stretched” curve occurs in compression, as
shown in Figure 2 and from relation (3); namely, non-linear behavior is properly due to the strain-
stiffening. Thus apparent elastic modulus can be determined more accurately for only discrete
intervals of strain-range Ag, as similarly described in [69] and schematically depicted in Figure 4.
The apparent elastic modulus values are determined as a function of strain-ranges A& (with a constant
width) to reduce the differential between secant and curve below. By way of example, apparent elastic
modulus values E; and E2, determined in two different ranges of strain (A&1 between 10 % and 20 %
of strain, and A& between 30 % and 40 %), show two very different slopes. Finally, a rough estimation
of the incremental apparent elastic modulus, as a function of strain, i.e., dE/dg, is identified. The
compressive toughness W is determined as the sum of W; toughness values calculated in the same
strain-range A&. Relevant to the compressive strength and deformability of a material, compressive
toughness reflects the property of absorbing energy and resisting damage when the material is under
compressive damage. In particular, in this analysis, is determined the maximum energy that can be
absorbed per unit volume without creating permanent deformations or irreversible damages.
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Figure 4. Stress-strain diagram until failure of a gel-based sample (exemplification on sample #3).
apparent elastic modulus strain-range dependant and toughness in compression.

Within the stretched-elastic region, with the aim to identify possible deviations due to the viscoelastic
behavior [70 — 72], and to guarantee the coupling between the sample and the plates, a series of
hysteresis loops is performed, before reaching the breaking or yielding point. By way of example, the
series of five compressions and five decompressions applied to gel-based sample #4, is shown in
Figure 5.
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Figure 5. Hysteresis loops between 0 % and 25 % of strain (exemplification on sample #4) and the
related time history (black line is the imposed strain and red line is the occurring stress).

As it is possible to notice, no significant degradation of elastic behavior occurs, i.e., the slopes are
constant, and a full elastic recovery is achieved, as also shown in the graph of time history. This
evidence allows verifying that stretched-elastic response is not affected by substantial losses of
internal energy, during the deformation in compression.



3. Experimental results

The apparent elastic modulus E and the compressive toughness W. of tissue engineering scaffolds
have been determined in the stretched-elastic region, based on stress-strain experimental data. In
practice, the elastic region is defined below the value of the yield strength, (identified as the value for
which the second derivative of the stretched stress-strain curve nullifies), or before failure, depending
on the inherent mechanical behavior. Within the same strain-range, the compressive toughness is
determined as well. In Figures from 6 to 11, the complete stress-strain diagrams (up to failure) of the
six gel-based samples tested in this work, are shown. The graphs also show the five pre-imposed
hysteresis loops, performed to stabilize the sample between the plates and to identify any possible
drift due to plastic deformations; and the extensibility value &, within the stretched-elastic region, is
considered as the upper limit for apparent elastic modulus and compressive toughness determination.
In the Tables, the measured apparent elastic modulus E; and toughness Wi average values, are reported
within the corresponding strain ranges Ae¢. Uncertainty values are calculated from reproducibility in
quadruplicate.

306404 Strain range  Apparent elastic  Toughness
As modulus Ei/kPa W /kJ-m3

o 0%-5% 103+9 0.12+0.003
o 5%-10% 155+12 0.44+0.011
10%-15% 212+18 0.91+0.024

Stress /Pa

Strain J-

Figure 6. Sample #1: Agar sample experimental stress-strain diagram. Apparent elastic modulus has
been evaluated until 15 % in 3 steps of 5 % of strain.

608404 Strainrange  Apparent elastic  Toughness
A& modulus Ei/kPa W, /kJ-m

0%-5% 89+10 0.11+0.004
s 5%-10% 91+13 0.32+0.017
s 10%-15% 132+16 0.61+0.020
T 15% - 20 % 181+19 1.01+0.048
B o 20% -25% 224125 1.48+0.053
25%-30% 225426 2.10+0.077

0.00 010 020 030 040 040

Strain I~

Figure 7. Sample #2: k-Carrageenan experimental stress-strain diagram. Apparent elastic modulus
has been evaluated until 30 % in 6 steps of 5 % of strain.



Strainrange  Apparent elastic  Toughness

I5E+05

A& modulus Ei/kPa W, /kJ-m

pad 0%-5% 205126 0.25+0.012

2 k€40 5%-10% 280+29 0.82+0.033
o 10%-15% 528155 1.92+0.055
§ 15%-20% 844+97 3.57+0.147
§ 1o 20 % - 25% 1150+155 5.80+0.373
scio 25 % - 30 % 1480+186 8.63+0.351
30% -35% 1490+226 12.1+0.681

0 010 020 030 040 050

Strain /-

Figure 8. Sample #3: Gellam Gum experimental stress-strain diagram. Apparent elastic modulus has
been evaluated until 35 % in 7 steps of 5 % of strain.

Strainrange  Apparent elastic ~ Toughness

A& modulus Ei/kPa W /kJ-m

0%-5% 3+0.5 0.002+0.001

5% - 10 % 2+0.4 0.01+0.001

. 10 % - 15 % 5+0.9 0.02+0.001
15 % - 20 % 2+0.3 0.02+0.001
B 20 % - 25 % 4+0.7 0.03+0.002
25 % - 30 % 5+0.9 0.04+0.002

30 % - 35 % 8+1.4 0.06:+0.004

35%-40% 1242.0 0.08+0.004

40 % - 45 % 20+3.5 0.12+0.005

0.00 0.10 0.20 030 0.40 030 060
Strain /-

Figure 9. Sample #4: Polyvinylalcohol, (PVA) experimental stress-strain diagram. Apparent elastic
modulus has been evaluated until 45 % in 9 steps of 5 % of strain.

142404 _ Strainrange  Apparent elastic  Toughness
- he A& modulus Ei/kPa W, /kJ-m
s 0%-5% 10+1.4 0.01+0.001

’ 5% -10 % 18+2.3 0.05+0.003
m o 10 % - 15 % 2143.5 0.1040.003
5 soee0a 15% - 20 % 28+3.6 0.16+0.007

_— 20 % - 25 % 36+5.3 0.25+0.019

25%-30 % 49+6.5 0.35+0.037

30%-35% 67+10.4 0.50+0.036

LA .20 0.30 0.4
Strain /-

Figurel0. Sample #5: Polyacrylamide, PAA, with experimental stress-strain diagram. Apparent
elastic modulus has been evaluated until 45 % in 7 steps of 5 % of strain.



S Strainrange  Apparent elastic  Toughness
, A& modulus EilkPa ~ Wc /kJ-m
0%-10% 0.33+0.06 0.005+0.001
10 % - 20 % 0.34+0.06 0.008+0.001
20 % - 30 % 0.49+0.09 0.01+0.001
30 % - 40 % 0.65+0.12 0.02+0.003
40 % - 50 % 0.65+0.12 0.02+0.003

Stress /Pa
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Figure 11. Sample #6: ECM-gel, with experimental stress-strain diagram. Apparent elastic modulus
has been evaluated until 50 % in 5 steps of 10 % of strain.

In the following Table 2 are summarized the values of yield stress and strain (ey and oy) and fracture
stress and strain (e and of), from stress-strain experimental curves of the investigate gel-based
samples. In the samples #1, #2 and #3, no yield occurs, since catastrophic failure.

Table 2. The yield stress and strain, and the fracture stress and strain of gel-based samples analyzed
in this investigation.

Yield strain Yield stress Fracture strain Fracture stress
Sample #
g I- oy IkPa & I- ot /kPa
#1 0.148 22.1 0.178 27.6
#2 0.314 47.4 0.323 48.2
#3 0.358 250 0.416 320
#4 - - 0.451 29
#5 - - 0.387 11.8
#6 - - 0.517 0.24

In Table 3 are summarized the basic functional attributes of investigate gel-based samples, in terms
of apparent elastic modulus E, ranging in the related stretched elastic regions within the strain limits
0 < ¢ < &, the corresponding incremental apparent elastic modulus dE/de, and the compressive
toughness Wc. The values of extensibility & (at the strength o) correspond to yield strain & or to
fracture strain &, depending on the observed mechanical behavior. The incremental apparent elastic
modulus quantifies the degree of stretched elastic slope: high values indicate strong nonlinearity, on
the contrary, if the elastic response tends to be linear, the incremental apparent elastic modulus tends
to 0. Experimental results shown in Table 2 are expressed as average values: measurement
uncertainty can be considered negligible (below 2 %), with respect to the material variability, ranging
from 10 % up to 20 %, determined from reproducibility in quadruplicate, as shown in tables of Figures
6-11.



Table 3. The functional mechanical attributes of gel-based samples analyzed in this investigation.

Range of  Incremental
Extensibility Strength apparent apparent
Sample # | Strain upper limit  Stress upper limit elastic elastic Toughnes_g
& |- oy IkPa modulus modulus ~ We/ki-m

E /kPa dE/de /kPa
#1 &=0.148 22.1 100 - 210 ~1000 1.47
#2 &=0.314 47.4 90 - 230 ~900 5.62
#3 &=0.358 250 200 — 1500 ~6000 33.1
#4 &=0.451 2.9 2-20 ~35 0.38
#5 &=0.387 11.8 10-80 ~180 2.03
#6 &=0.517 0.24 0.3-0.7 ~0.95 0.06

4. Discussion and conclusion

The apparent elastic modulus in compression E and the compressive toughness Wc of six gel-based
tissue engineering scaffolds have been determined in the stretched-elastic region, based on stress-
strain experimental results. The polymeric matrices of molded tissue-engineering gel-based scaffolds
are polysaccharides, synthetic polymers, and Extracellular matrix. Strictly speaking, the increasing
values of apparent elastic modulus in compression, here estimated as a function of discrete intervals
of applied strain range, relies to strain-stiffening effect, as a sudden increase of the apparent elastic
modulus under strain. The proposed segmentation of the non-linear curve (up to a definition of the
incremental apparent elastic modulus), allows to minimize the differential between secant and curve
below, up to define an average elastic response of the investigated gel-based scaffold subjected to
compression strain, in terms apparent elastic modulus, as a function of strain ranges.

The knowledge of the variation of the apparent elastic modulus of a gel-based scaffolds in tissue
engineering, as a function of strain range, allows to better define the elastic response for many
applicative and engineering working condition, both in vitro and in vivo, in which variable
deformations (or stress) can occur, and it is useful for improve the accuracy of computational models
and simulations.

The measurements aimed at evaluating the stress-strain behavior up to breaking point, by identifying
yield or breaking strain, and the related elastic region: from the slope of the stress-strain curve, as a
function of different steps of strain-ranges, the values of apparent elastic modulus strain-range
dependent E;, is determined from relation (1); the toughness in compression W is determined by
calculating the area under the stress-strain curve, from relation (2), based on a cubic polynomial
function, relation (3). Since investigations are inherent to elastic behavior, a series of pre-imposed
hysteresis loops are performed to identify and prevent possible drifts due to plastic deformations.

As shown in the graphs of Figures from 6 to 11, the mechanical behavior of examined gel-based
scaffolds, narrowly mimics native human tissue behavior in compression, since a typical exponential
incremental stress-strain curve occurs; as a consequence, due to the non-linear elastic behavior of this
kind of materials, apparent elastic modulus has to be expressed as a function of the related strain-
range (beyond temperature, strain-rate, and applied stress), to accurately assess the actual mechanical



response of occurring deformations. As observed, apparent elastic modulus E tends to increase by
increasing the imposed deformation A& (instead of keeping constant), thus a rough estimation of the
incremental apparent elastic modulus, dE/de, can be identified for each sample, within the whole
examined strain range, from 0 up to &. By considering these ranges of elastic response and
mechanical behavior, the experimental data of apparent elastic modulus can be considered closely
representative of several native soft human tissues, as shown below in Figure 12.
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Figure 12. Apparent elastic modulus compared with native soft human tissues, and compressive
toughness of investigated gel-based samples.

The apparent elastic behavior of ECM-gel is compatible with brain tissues, PVA with skin and
muscle, PAA with muscle, tendon, and cardiac tissues, Agar and Carrageenan with cardiac tissues,
and Gellam gum with cartilages. Compressive toughness gives information about the aptitude of
absorbing energy and resisting damage under compression. In particular, is identified the maximum
energy that can be absorbed by the gel before permanent deformations or irreversible damages, i.e.,
a quantitative range of workability. In terms of compressive toughness, Gellam gum ~30 kJ-m=and
Carrageenan ~6 kJ-m, show a very high aptitude of resisting damage under compression; PAA,
between ~2 kJ-m= and ~3 kJ-m, and Agar ranging between ~1 kJ-m= and ~2 kJ-m, show good
workability, while PVA ~0.4 kJ-m* and ECM-gel < 0.1 kJ-m show a limited range of workability,
before failure or plastic deformation.
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