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Mechanical Properties
of Arterial Elastin With
Water Loss
Elastin is a peculiar elastomer in that it requires water to maintain resilience, and its
mechanical properties are closely associated with the immediate aqueous environment.
The bulk, extra- and intrafibrillar water plays important roles in both elastic and visco-
elastic properties of elastin. In this study, a two-stage liquid–vapor method was devel-
oped to investigate the effects of water loss on the mechanical properties of porcine
aortic elastin. The tissue samples started in a phosphate-buffered saline (PBS) solution at
their fully hydrated condition, with a gravimetric water content of 370636%. The hydra-
tion level was reduced by enclosing the tissue in dialysis tubing and submerging it in
polyethylene glycol (PEG) solution at concentrations of 10%, 20%, 30%, and 45% w/v,
which reduced the water content of the samples to 258634%, 224620%, 10969%, and
5863%, respectively. The samples were then transferred to a humidity chamber to main-
tain the hydration level while the samples underwent equi-biaxial tensile and stress relax-
ation tests. The concentration of 10% PEG treatment induced insignificant changes in
tissue dimensions and stiffness, indicating that the removal of bulk water has less effect
on elastin. Significant increases in tangent modulus were observed after 20% and 30%
PEG treatment due to the decreased presence of extrafibrillar water. Elastin treated with
45% PEG shows a very rigid behavior as most of the extrafibrillar water is eliminated.
These results suggest that extrafibrillar water is crucial for elastin to maintain its elastic
behavior. It was also observed that the anisotropy of elastin tends to decrease with water
loss. An increase in stress relaxation was observed for elastin treated with 30% PEG,
indicating a more viscous behavior of elastin when the amount of extrafibrillar water is
significantly reduced. Results from this study shed light on the close association between
the bulk, extra- and intrafibrillar water pools and the mechanics of elastin.
[DOI: 10.1115/1.4038887]
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Introduction

Elastin is essential to provide elasticity to organs and tissues
such as lung and arterial wall. Under physiological conditions,
elastin is a peculiar elastomer in that it requires water to maintain
resilience. In hydrated elastin, three types of water have been clas-
sified using nuclear magnetic resonance [1]. The intrafibrillar
water, which interacts with elastin molecules directly [1], has
been reported to have the effect of plasticizing elastin molecules
and its content is about 60% expressed with gravimetric water
content [2]. The water between and around elastin fibers is the
extrafibrillar water [1–3]. The so-called hydration water is com-
posed of both intra and extrafibrillar water [4]. It was reported that
porcine aortic elastin contains approximately 250–300% hydra-
tion water [2]. The third type of water is the bulk water, referred
to as the free interstitial water [2]. These three water pools are
suggested to play important roles in both elastic and viscoelastic
properties of elastin [2,5,6].

Hydrated elastin is elastic whereas water loss can result in brit-
tle and rigid elastin [7–10]. Aging and diseases are often accom-
panied by water loss in soft biological tissue [11,12]. The binding
of elastin to lipids, such as cholesterol esters, occurs in atheroscle-
rosis and impedes the interactions between water molecules and
elastin [11]. The stiffening of arterial wall with aging and diabetes
is believed to be partially accounted for by water loss in elastin
[4,13]. Both experimental and simulation results have shown the

contribution of hydration water to the elastic behavior of elastin
[4,13]. Removal of about 10% hydration water results in an
increase in the stiffness of elastin [4]. Viscoelastic behavior of
arterial elastin will compromise the effectiveness of energy stor-
age and release of the cardiovascular system during a cardiac
cycle [14]. Water-filled pores in elastic fibers are accessible to sol-
utes, and changes in solution viscosity may affect the redistribu-
tion rate of intrafibrillar water that was suggested to be
responsible for elastin viscoelasticity [5,10]. The fatigue life of
elastin is shortened with water loss, which is associated with the
fragmentation of elastin in poststenotic dilatation [15,16].

In most previous studies on the mechanical behavior of elastin,
the method of mechanical testing was to submerge the tissue in a
water bath to maintain a completely hydrated state [17–21]. In
order to study the hydration-dependent tissue mechanics, liquid
phase method (LPM) and vapor phase method (VPM) were gener-
ally used [2,22–24]. LPM is based on the concept of osmotic pres-
sure causing water flow across a semipermeable barrier which is
placed between the tissue and a higher solute concentration solution
until the equilibrium of osmotic pressure is reached [2,25]. It
quickly brings the tissue to the desired water content without caus-
ing degradation. However, LPM presents challenges for mechanical
testing when an external load needs to be applied to the tissue sam-
ple. The other approach to control the hydration, VPM, is based on
controlling the humidity of the air surrounding the sample to regu-
late the water content without physical contact [2,25]. VPM has the
advantage of having the tissue samples freely accessible but it
requires longer duration for hydration equilibrium, which exposes
biological tissues to the risk of degradation. A liquid–vapor method,
the combination of LPM and VPM, was developed to adjust tissue
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water content and maintain the hydration level during mechanical
testing [25], and was successfully used to characterize the effects of
water loss on the viscoelastic behaviors of bovine aortic tissue [26].
In the present study, a liquid–vapor method was developed to
examine the effects of water loss on the biaxial mechanical behav-
iors of elastin. Porcine aortic elastin samples enclosed in dialysis
tubing were immersed in 10%, 20%, 30%, and 45% w/v polyethyl-
ene glycol (PEG) solution to reach different hydration levels. Biax-
ial tensile and stress relaxation testing was then conducted while
elastin was kept in a humidity chamber to maintain the hydration
level during mechanical testing.

Materials and Methods

Sample Preparation. Fresh porcine thoracic aortas (12–24
months of age; 160–200 lbs in weight) were harvested from a
local abattoir and cleaned of both adherent tissue and fat. Square
samples of about 20� 20 mm were cut from the midpoint of the
thoracic aorta to limit the changes in mechanical properties with
longitudinal position [20]. Cyanogen bromide (CNBr) treatment
was used to obtain purified elastin with the removal of cells, colla-
gen, and other extracellular matrix (ECM) components [20,27].
Briefly, aortic samples were treated with 50 mg/ml CNBr (Acros
Organics) in 70% formic acid (Acros Organics) solution for 19 h
at room temperature with gentle stirring. They were then gently
stirred for 1 h at 60 �C and followed by 5 min of boiling to inacti-
vate CNBr. Elastin samples were kept in 1� phosphate-buffered
saline (PBS) solution before further hydration level modulation
and mechanical testing.

Hydration Level Modulation. To adjust and maintain tissue
hydration during testing, a sequential two-stage approach of the
LPM and VPM, liquid–vapor method, was designed to take
advantage of the shorter equilibrium time with LPM and the abil-
ity to maintain the desired hydration during mechanical testing
with VPM [25]. Briefly, as the first stage, elastin samples were
enclosed in dialysis tubing with molecular weight cutoff of 12 kD
and submerged in 20 kD PEG solution at concentrations of 10%,
20%, 30%, and 45% w/v. The difference in concentration across
the semipermeable barrier of the dialysis tubing causes water to
leave the samples until equilibrium is reached (Fig. 1). The con-
centration of PEG solution determines the amount of water loss
and therefore the PEG concentration can be varied to reach
desired hydration levels. Generally higher solute concentration
leads to higher osmotic pressure that results in lower sample water
content. In the current study, the elastin samples were kept in the
solution for at least 3 h to reach equilibrium.

At the second stage, the VPM was used to maintain the desired
hydration level of the samples without obstructing mechanical
and optical experiments. To do so, the PEG-treated samples were
transferred to a humidity-controlled chamber compatible with the
current biaxial tensile tester (Fig. 2). An appropriate chamber
humidity was chosen for each PEG concentration so that water
evaporated from the tissues at the same rate at which it condensed
and then the samples could maintain the hydration levels achieved
in LPM. The humidity in the chamber is represented by relative
humidity (RH%), which is the ratio of the partial pressure of the
water vapor in the air to the partial pressure of saturated water
vapor at the given temperature. An iterative process was used to
determine the relationship between the relative humidity and PEG
concentration (PEG%) in VPM [25]. The iteration was carried out
in the following manner. An LPM-treated tissue sample was
weighed and transferred to the humidity chamber with a certain
humidity level. After 30 min, the tissue was weighed again to
quantify the change in tissue mass. The relative humidity in the
chamber was adjusted according to the mass change and the itera-
tive process continued until the change was less than 10%. The
current designed humidity chamber could achieve a humidity
range of about 11–95 RH% with the temperature varying from
about 23 to 32 �C. During mechanical testing, the temperature var-
ied within the range of 25–27 �C.

To quantify the tissue water content, the sample was weighed
using a balance before and after PEG treatment (LPM stage) as
well as after mechanical testing and being moved out of the
humidity chamber (VPM stage). The tissue was dried at room
temperature for 3 days before the dry mass was measured. To vali-
date that the time for drying is sufficient, the mass of the tissue
was measured after being left to dry for 3, 4, and 5 days. The almost
steady mass verifies that 3 days is long enough to dry the tissue.
The hydration of the tissue was expressed with gravimetric water
content, WC%. This is defined as the ratio of the mass of the water
in the sample to the mass of the completely dried sample

WC% ¼ mw

md
� 100 ¼ mh � md

md
� 100 (1)

where mw is the mass of the water in the hydrated sample, and md and
mh are the completely dried mass and hydrated mass of the sample,
respectively. Before and after PEG treatment, the side lengths and
thickness of each sample were also measured using a digital caliper to
characterize the effects of hydration levels on tissue dimensions.

Mechanical Testing. Biaxial tensile tests were performed on
elastin before and after PEG treatment. A total of ten samples

Fig. 1 (a) Picture of an elastin sample enclosed in dialysis tubing and submerged in PEG solu-
tion. Sandpaper tabs were glued at the sides of sample with sutures looping around for
mechanical testing. Four carbon dot markers were placed at the center of sample, and the posi-
tion of the markers was traced by a camera during mechanical testing. (b) Schematic diagram of
an elastin sample enclosed in dialysis tubing. An osmotic pressure between the inside and out-
side of the dialysis tubing causes water to leave the tissue.

041012-2 / Vol. 140, APRIL 2018 Transactions of the ASME



were tested at four PEG concentrations (n¼ 5 for 10%, 20%,
30%, and 45%, and n¼ 4 for 45%). Three samples were treated
sequentially with 10%, 20%, 30%, and 45% PEG and tested
repeatedly after each treatment. Six samples were treated with
only one PEG concentration, 10%, 20%, or 30% (two at each
PEG concentration), and one sample was treated only with 45%
PEG. As control experiments, samples were tested while sub-
merged in 1� PBS, which corresponds to the fully hydrated con-
dition. Then samples enclosed in dialysis tubing were immersed
in PEG solutions for 3 h to reach equilibrium in the LPM stage
(Fig. 1). Afterwards, the treated samples were transferred to the
humidity chamber designed to be compatible with our biaxial ten-
sile testing device (Fig. 2). At the VPM step, the mechanical test-
ing was performed while the humidity in the humidity chamber
was adjusted to maintain the hydration level of the tissue. Sandpa-
per tabs were glued to the edges of the tissue samples with sutures
looping through the sandpaper fold. The sutures were connected
to the linear positioners of the biaxial tensile tester controlled by a
custom LabVIEW program (National Instruments, Austin, TX).
The load applied to the samples was measured and recorded
through load cells in both the longitudinal and circumferential tis-
sue directions. For each test, a small preload of 560.05 N/m was
applied to flatten the tissue. Each sample was preconditioned for
eight cycles with 10 s of half cycle time of equi-biaxial tension of
40 N/m. After preconditioning, eight cycles of equi-biaxial ten-
sion ranging from 80 to 110 N/m were applied to achieve repeat-
able loading and unloading responses. In this study, the tension
range was chosen to achieve a stress level of �100 kPa that has
close physiological relevance [28,29]. Four carbon dot markers
forming an approximately 5 mm� 5 mm square were placed at the
center of the samples, and a CCD camera was used to track the
displacement of markers for the determination of the stretch in
both directions [30]. The load and stretch data used for analysis
were collected from the eighth cycle, when the load-stretch curves
were stable. Tangent modulus was obtained by differentiating the
stress-stretch curves and was used to quantify changes in the elas-
tic behavior of elastin before and after PEG dialysis tubing treat-
ment. Normalized tangent modulus was calculated by dividing the
tangent modulus of treated elastin to the corresponding control
value.

Biaxial stress relaxation tests were performed on elastin before
and after 20% and 30% PEG treatment (n¼ 3). After biaxial ten-
sile preconditioning, another equi-biaxial tension of eight cycles

with 10 s of half cycle time was applied. Immediately after the
last cycle, the sample was quickly loaded to the target tension
with a rise time of 2 s and held at the constant stretch for 900 s.
Five cycles of stress relaxation were performed to achieve repeat-
able stress relaxation behavior [21]. Tension ranging from 80 to
110 N/m was applied in stress relaxation tests to reach similar
maximum Cauchy stress for all samples and to eliminate the effect
of initial stress levels [21]. Cauchy stress was calculated based on
plane stress and incompressibility assumptions and by using the
tissue dimensions measured before tensile testing [30].

Statistical Analysis. The averaged results are expressed in the
form of mean6standard error of the mean. One-way analysis of
variance followed by Dunnett’s post hoc comparisons was per-
formed as statistical analysis by JMP PRO (version 10.0.2, SAS
Institute Inc., Cary, NC). Differences are considered to be signifi-
cant when p< 0.05.

Results

The relationships between PEG concentration and water con-
tent, relative humidity, and solute concentration are shown in
Fig. 3. Figure 3(a) shows that higher PEG concentration leads to
lower water content at the LPM stage, and the relationship
between PEG (PEG%) concentration and water content (WC%)
can be described by a sigmoid function in Eq. (2). At the VPM
stage, Fig. 3(b) provides the relationship between the relative
humidity (RH%) in the humidity chamber and the concentration
of PEG (PEG%) solution required, and such relationship is
described by Eq. (3). The averaged results were used to obtain the
above relationships (n¼ 10 for 0% PEG as control; n¼ 5 for 10%,
20%, and 30% PEG; and n¼ 4 for 45% PEG)

PEG% ¼ �31þ 164

1þ exp WC%þ 229ð Þ
� �0:0028

(2)

RH% ¼ 69þ 42

1þ exp PEG%þ 22ð Þ
� �0:0139

(3)

To verify the effectiveness of the liquid–vapor method, the
water content of elastin before and after PEG treatment, and after
VPM is presented in Fig. 4. Water content decreases in elastin

Fig. 2 A custom-built VPM hydration chamber integrated with a biaxial tensile testing device.
The tissue remains in the humidity chamber during mechanical testing.
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treated with PEG solution, and the changes are significant with
the 30% and 45% PEG solution. The average water contents of
370636%, 258634%, 224620%, 10969%, and 5863% corre-
spond to the control, and PEG concentrations of 10%, 20%, 30%,
and 45%, respectively. Keeping the samples in VPM humidity
chamber during mechanical testing does not induce significant

changes in water content. This validates that the humidity cham-
ber functions properly and the hydration level of elastin is main-
tained during mechanical testing.

Water loss leads to gradually decreased side length and thick-
ness, as shown in Fig. 5. The normalized dimension changes were
obtained by dividing the dimensions of PEG-treated elastin by

Fig. 3 Average experimental results with fitting curves of (a) PEG concentration versus water
content and (b) relative humidity versus PEG concentration. The R2 values represent correlation
coefficients between the measurements and fitted results (n 5 10 for control; n 5 5 for 10%,
20%, and 30% PEG; and n 5 4 for 45% PEG).

Fig. 4 Water contents of samples at control and after LPM and VPM stages. The LPM samples
were treated with (a) 10%, (b) 20%, (c) 30% (n 5 5), and (d) 45% (n 5 4) PEG solution (*p < 0.05).
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dimensions before treatment. There is a significant decrease of tis-
sue dimensions associated with the 30% and 45% PEG treatment,
except for the circumferential side length. It also appears that the
thickness is more sensitive to water loss and decreases to almost
half of the original value.

Figure 6 shows swelling ratio, defined as the ratio of the volume
of tissue after water loss to the sample’s volume when fully
hydrated, at various water contents. The treatment of 10% PEG
results in a minor decrease of swelling ratio to 0.9860.01. The
results then show a linear decrease in swelling ratio to 0.4360.05
with 45% PEG treatment. There is a significant decrease in both
the water content and swelling ratio for elastin exposed to 30%
and 45% PEG solution, and in swelling ratio for elastin exposed
to 20% PEG solution (p< 0.05).

The averaged Cauchy stress versus stretch curves in both the
longitudinal and circumferential directions are shown in Fig. 7.
For consistency, a maximum stress of 80 kPa was chosen when
comparing the results from both control and treated elastin. Gen-
erally, the elastin stiffens in both directions with loss of water,
and the stiffening is more obvious with 30% and 45% PEG treat-
ment while the latter one induces very stiff behavior. Normalized
tangent modulus was obtained to better compare the changes in
the elastic behavior of elastin with different water contents
(Fig. 8). The tangent modulus of 10% PEG-treated elastin remains
similar to the control elastin in both the longitudinal and circum-
ferential directions (p¼ 0.2819 and p¼ 0.3403, respectively), but
20% and 30% PEG treatment resulted in a significant increase in
modulus in both directions, except the tangent modulus of 20%
PEG-treated elastin in the circumferential direction (p¼ 0.1483).
The tangent modulus of 45% PEG-treated elastin is not shown in
Fig. 7 since it tends to be infinity due to the extremely stiff behavior.

The change in anisotropic behavior is observed from Cauchy
stress versus stretch curves. The degree of anisotropy is quantified
by the ratio of the longitudinal to circumferential stretch at similar
stress of 79.9560.25 kPa (Fig. 9). The anisotropic behavior of
elastin is not affected with 10% PEG. However, a decrease in the
ratio was observed for elastin treated with 20%, 30%, and 45%
PEG. The 45% PEG treatment induces almost isotropic behavior
for most of the samples.

The representative normalized stress relaxation curves are
shown in Fig. 10. For this sample, the water contents of 241%,
188%, and 95% correspond to the control, 20%, and 30% PEG
treatments, respectively. All stress relaxation tests were performed
at the initial stresses of 94.2263.22 kPa to minimize the effect of
initial stress levels on the rate of stress relaxation [21]. There is no
obvious change in stress relaxation until the water content
decreases to 95% induced by 30% PEG treatment. This phenom-
enon is consistent in all the samples (n¼ 3). The amount of the

Fig. 5 Normalized dimension changes of PEG-treated elastin
(n 5 5 for 10%, 20%, and 30% PEG; n 5 4 for 45% PEG). The
dimensions of PEG-treated elastin were normalized to the val-
ues of the corresponding control group (*p < 0.05).

Fig. 6 Swelling ratio versus water content of control (n 5 10)
and PEG-treated elastin (n 5 5 for 10%, 20%, and 30% PEG;
n 5 4 for 45% PEG). Closed symbols represent average value
(*p < 0.05).

Fig. 7 Average Cauchy stress versus stretch curves in the (a) longitudinal and (b) circumferen-
tial directions of control (n 5 10) and PEG-treated elastin (n 5 5 for 10%, 20%, and 30% PEG;
n 5 4 for 45% PEG). One-sided error bars of a standard error of the mean are shown in both
directions (*p < 0.05).
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stress relaxation was quantified by dividing the total stress drop,
i.e., the difference between the initial stress and the stress at the
end of the relaxation period, by the initial stress. The amount of
stress relaxation for the control and 20% PEG-treated tissue is
0.084360.0037 and 0.080860.0035 (p¼ 0.5189), respectively,
whereas the amount of stress relaxation increases significantly to
0.150960.0051 (p< 0.5) for elastin treated with 30% PEG.

Discussion

Mechanical behaviors of biological materials are closely associ-
ated with the hydration level of the tissues [31–33]. Elastin is one
of the major ECM constituents that provides elasticity to the aortic
wall. Water acts as a plasticizer and plays an important role in
maintaining its elasticity [2,4]. Results from the present study pro-
vide new understandings on the role of bulk, extra- and intrafibrillar
water in contributing to the elastic and viscoelastic behavior of elas-
tin with a custom designed hydration chamber that allows mechani-
cal characterization with controlled hydration modulation.

Liquid phase method with 10% PEG solution results in
258634% water and no obvious change in tissue dimensions
(Figs. 4 and 5). Lillie et al. [2] suggested that porcine aortic elastin
contains approximately 250–300% intrafibrillar plus extrafibrillar

water content, and removing the bulk water does not result in
changes in tissue dimensions. This indicates that LPM with 10%
PEG solution removes the bulk water in elastin. LPM with 45%
PEG results in 5863% water content in the tissue. According to
Lillie et al. [2], the intrafibrillar water content is about 60%. This
suggests that most of the extrafibrillar water has been extracted
out with 45% PEG, and the intrafibrillar water is the only water
pool left in the tissue. Considering the water contents of elastin
and the corresponding change in the dimensions, our results sug-
gest that the dimensions of purified elastin are mainly affected
when the extrafibrillar water is removed (Fig. 5), which is true for
elastin with approximately 224%, 109%, and 58% water content
when 20%, 30%, and 45% PEG was used in LPM, respectively. It
appears that the thickness decreases more than the side lengths
with water loss. It is likely that purified elastin is more easily
packed in the radial direction when tissue water content decreases
due to the removal of cells, collagen, proteoglycan, etc., from the
concentric lamellar units.

The elastic behavior of elastin is closely associated with the
plasticizing effect of water [7–10]. In the current study, stiffening

Fig. 8 Normalized tangent modulus in the (a) longitudinal (long), and (b) circumferential (cir)
directions of PEG-treated elastin (n 5 5 for 10%, 20%, and 30% PEG; n 5 4 for 45% PEG). The tan-
gent modulus of dehydrated elastin was normalized to its corresponding control value when
the sample is fully hydrated (*p < 0.05).

Fig. 9 Ratio of the longitudinal to circumferential stretch ver-
sus water content of control (n 5 10) and PEG-treated elastin
(n 5 5 for 10%, 20%, and 30% PEG; n 5 4 for 45% PEG). All
stretch values are paired with Cauchy stress of 79.9560.25 kPa.
Closed symbols represent the average data.

Fig. 10 Representative stress relaxation curves of elastin
before and after PEG treatment. Water contents are 241%,
188%, 95% for control, and after 20% and 30% PEG treatment,
respectively.
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was observed with loss of water (Fig. 7). The insignificant change
in tangent modulus of elastin with 10% PEG suggests that the
bulk water plays a less important role in contributing to elastin’s
elasticity. The tissue treated with PEG solution of higher concen-
trations gradually stiffens in both the circumferential and longitu-
dinal directions with the removal of the extrafibrillar water.
Debelle and Alix [6] suggested that the bulk solvent water plays a
key role in maintaining the elasticity of elastin. They suggested
that the existence of hydrogen bonds between bulk solvent water
and hydration water molecules, referred to as extra- and intrafi-
brillar water molecules, motivates a higher chain mobility. It is
worth noting, however, that their definition of the bulk solvent
water includes both the bulk (or free) and part of the extrafibrillar
water defined in some previous studies [2,34,35] as well as the cur-
rent study. The hydration water they mentioned includes some extra-
fibrillar and all intrafibrillar water, and the latter one is tightly bound
to the polypeptide chains. In this case, their conclusion can still be
applied to explain our observations as the hydrogen bonds between
extra- and intrafibrillar water loosen the hydrogen bonds between
intrafibrillar water and elastin molecules, so that the tissue with more
extrafibrillar water has a more elastic behavior. Another possible
mechanism of the plasticizing effect of water at nanometric scale is
attributed to the replacement of protein/protein hydrogen bonds by
protein/water hydrogen bonds that increase the chain mobility [36].

Aortic elastin has been reported to be anisotropic [20,27,37,38].
Our study shows that the anisotropy decreases with the loss of
water (Fig. 8). Fiber orientation is widely considered to be the
structural origin of the tissue anisotropy [39,40]. There may exist
realignment of elastic fibers, as the elastic lamellae layers are
more packed in the radial direction due to water removal. As sug-
gested by our earlier study using a computational model, decrease
in spacing induced by water loss will likely lead to an increase in
the density of elastic fibers and potential fiber realignment [27].
While some microscopic studies are required to fully understand
the structural changes with water loss, the much denser fiber net-
work structure will likely result in a stiffer mechanical behavior
(Figs. 7 and 8), and fiber realignment will likely be related to the
more isotropic behavior (Fig. 9).

An increase in stress relaxation was observed in the 30% PEG-
treated elastin with 95% water content (Fig. 10), which indicates
that the viscoelastic property of elastin is also associated with the
hydration level. However, elastin treated with 20% PEG showed
no obvious difference in stress relaxation compared with fully
hydrated condition. It is possible that the loose hydrogen bonding
between intrafibrillar water and elastin molecules is affected when
the amount of extrafibrillar water is significantly reduced.
In fact, a study by Perry et al. [41] showed that the nuclear
magnetic resonance spectra of elastin remain nearly unchanged
when nearly two-thirds of its water is removed. Comparing to
the water content at fully hydrated condition, 30% PEG treat-
ment reduces the water content from 370636% to 10969%, i.e.,
by about two-thirds. This may have an effect on the rate of intra-
fibrillar water redistribution, which was suggested to be closely
related to the rate of stress relaxation [5,10]. A previous study
showed a drastic decrease of glass transition temperature associ-
ated with higher hydration levels, indicating the close connection
of viscoelastic property of elastin to the water content [36].
Shahmirzadi et al. [26] reported lower water content leads to less
stress relaxation for bovine aorta; however, the presence of cells
and other ECM constituents would greatly complicate the stress
relaxation mechanism. Overall, our results further suggest that
among the three water pools in elastin, the intrafibrillar water
plays a crucial role in its viscoelastic property, while the amount
of extrafibrillar water is also related to the viscoelastic property
through its hydrogen bonding with the intrafibrillar water.

Limitations

The PEG-treated tissue was transferred from dialysis tubing to
humidity chamber for mechanical testing. During this transferring

process, the tissue was exposed to ambient air briefly and this may
lead to a change in the water content. Also, weight and dimension
measurements may induce changes in the water content of the tis-
sue. There were three samples being treated sequentially at all
PEG concentrations. It is unlikely that the mechanical testing in
this study caused damage to the tissue. The stress levels achieved
in this study (�100 kPa) are within physiological stress range and
are much smaller than the ultimate strength. Lillie and Gosline
[17] reported that the lowest average failure stress from uniaxial
tensile test is 1.38 MPa for purified porcine thoracic aortic elastin.
However, these measurements are at the tissue level, and stresses
experienced at the fiber level are not known. After each PEG
treatment, the sample’s size was remeasured, and the reference
configuration for calculating stress and stretch was updated. The
incompressibility assumption was used in calculations of Cauchy
stresses when the sample was subjected to planar biaxial loading.
While the incompressibility assumption has been widely used for
fully hydrated soft biological tissues, there is no evidence to sug-
gest whether this assumption can be applied to partially hydrated
tissue or not.

Conclusions

A two-stage liquid–vapor method was developed to study the
effect of water loss on the mechanical properties of elastin. Our
study shows that the mechanical behaviors of elastin are closely
associated with hydration condition. As the hydration level
decreases, the bulk water is removed first without affecting the
dimensions and mechanical properties of elastin significantly.
Afterwards, the removal of the extrafibrillar water is accompanied
by the shrinkage and stiffening of the tissue. The more obvious
decrease in thickness than side lengths suggests that water loss
leads to a much denser structure in the radial direction, but induce
relatively less effect on in-plane lamellar structure. A more iso-
tropic behavior after partial water removal is possibly correlated
with elastic fiber realignment. Removal of the extrafibrillar water
also results in an increase of stress relaxation. Future studies are
needed to understand the role of extra- and intrafibrillar water in
the viscoelastic behavior of elastin. Results from this study shed
light on the roles of different water pools in contributing to the
mechanical properties of elastin. However, vascular remodeling
involves many complex effects and future studies are needed to
understand the relevance of the findings from this study to vascu-
lar mechanics.
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