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In this study the effect of high pressure CO2 on the synthesis and characteristics of elastin-based hybrid
hydrogels was investigated. Tropoelastin/a-elastin hybrid hydrogels were fabricated by chemically cross-
linking tropoelastin/a-elastin solutions with glutaraldehyde at high pressure CO2. Dense gas CO2 had
a significant impact on the characteristics of the fabricated hydrogels including porosity, swelling ratio,
compressive properties, and modulus of elasticity. Compared to fabrication at atmospheric pressure high
pressure CO2 based construction eliminated the skin-like formation on the top surfaces of hydrogels and
generated larger pores with an average pore size of 78� 17 mm. The swelling ratios of composite hydrogels
fabricated at high pressure CO2 were lower than the gels produced at atmospheric pressure as a result of
a higher degree of cross-linking. Dense gas CO2 substantially increased the mechanical properties of
fabricated hydrogels. The compressive and tensile modulus of 50/50 weight ratio tropoelastin/a-elastin
composite hydrogels were enhanced 2 and 2.5 fold, respectively, when the pressure was increased from 1
to 60 bar. In vitro studies show that the presence of large pores throughout the hydrogel matrix fabricated
at high pressure CO2 enabled the migration of human skin fibroblast cells 300 mm into the construct.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering offers the potential to create functional and
viable tissue constructs for patients requiring organ replacement
[1]. A three dimensional (3D) scaffold is necessary to serve as
a template to guide cell growth and tissue development. The
chemical composition, mechanical properties, porosity, pore
interconnectivity, and 3D structures of the scaffold greatly influ-
ence the formation of the new tissue [2]. Hydrogels have emerged
as leading candidates for engineered tissue scaffolds as much of the
native extracellular matrix (ECM) in the body forms hydrated
polymeric networks that closely resemble the mechanical, biolog-
ical and physical properties of hydrogels [3]. Hydrogels composed
of natural polymers, such as collagen, hyaluronan (HA), fibrin,
alginate, agarose, dextran, chitosan, and elastin-like polypeptides
(ELPs), are desirable for tissue engineering due to their similarities
with the extracellular matrix, high chemical versatility, typically
good biological performance and inherent cellular interaction [4].

Elastin is an insoluble, polymeric, ECM protein that provides
various tissues in the body with the properties of extensibility and
ani).
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elastic recoil [5]. Elastin-based biomaterials are increasingly
investigated due to their remarkable properties such as elasticity,
self-assembly, long-term stability, and biological activity [6]. Elastin
is highly insoluble as a consequence of extensive lysine mediated
cross-linking and therefore difficult to process into new biomate-
rials. Consequently, soluble forms of elastin including a-elastin
[7–9], recombinant tropoelastin (rTE) [10,11], and engineered
recombinant elastin-like polypeptides (ELPs) [12] are frequently
used to form cross-linked hydrogels. Tropoelastin is the soluble
precursor of elastin, and a-elastin is an oxalic acid-solubilised
derivation of elastin [13]. rTE has been chemically cross-linked to
form synthetic elastin (SE) hydrogels [11]. The fabricated SE
hydrogels had strength, elasticity, and biocompatibility properties
similar to those of naturally occurring human elastic tissue. In vitro
and in vivo experiments revealed that these SE hydrogels could
support cellular growth; however, the non-homogenous and
limited porosity of these constructs prohibited cellular migration
deep into the hydrogels. Generally, this lack of cellular migration
into the 3D structures due to the existence of a discrete discon-
tinuous pore network is an issue associated with the current
approaches used for SE hydrogel fabrication. Electrospinnig tech-
niques [14] and dense gas carbon dioxide (CO2) [7,9] have been
used to facilitate greater cell penetration and infiltration into the 3D
structure of elastin-based biomaterials.
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Dense gas CO2 has been used widely as an attractive means of
producing porous biomaterials for tissue engineering applications
[15,16]. It has been exploited as a foaming agent to induce porosity
in the structure of several common hydrophobic polymers such as
poly (lactic acid) (PLA), poly (lactic acid-co-glycolic acid) (PLGA),
and polycaprolactone (PCL) [15–18]. However, dense gas CO2

generally has low solubility in hydrophilic polymers. Various
techniques such as CO2-water emulsion templating [19–23] or the
use of a co-solvent system have been developed to improve the
ability of a dense gas to diffuse into a hydrophilic polymer and
produce porosity [24,25]. Hydrogels fabricated using these tech-
niques generally contain small pores with the average pore size less
than 26 mm and display limited porosity [20,21].

The results of our previous studies demonstrate that highly
interconnected pores with thin walled structures resembling
natural elastin can be produced by cross-linking a-elastin using
glutaraldehyde (GA) under high pressure CO2 [9]. The cell infiltra-
tion throughout the hydrogels was considerably enhanced
compared with the samples produced at atmospheric conditions.
This improvement resulted from CO2 induced channels within the
structure of the a-elastin hydrogels [9]. However, the low number of
lysine residues (less than 1%) in a-elastin resulted in limited cross-
linking with GA and consequently poor mechanical integrity [26].
The use of a cross-linking agent such as hexamethylene diisocyanate
(HMDI) that can react with other amino acids available in the
a-elastin structure increased the cross-linking density and
mechanical properties of fabricated hydrogels [7]. The reaction was
undertaken in a CO2 expanded dimethyl sulfoxide (DMSO) solution
and required solvent residue removal after the process. In vitro
studies demonstrated that the fabricated constructs promoted
cellular migration and growth throughout the 3D matrix [7].

The objective of this study was to fabricate a composite
recombinant rTE/a-elastin hydrogel in an aqueous based system
with desirable properties for tissue engineering applications. The
addition of rTE containing 35 lysine residues per molecule to the
protein solution was expected to increase the cross-linking density
and promote the mechanical properties of elastin-based hydrogels.
The effect of pressure, rTE and GA concentrations on the character-
istics of hybrid hydrogels were investigated. In vitro studies were
conducted to assess the cellular growth and proliferation in the 3D
structures of fabricated hydrogels.
2. Materials and methods

2.1. Materials

rTE isoform SHELD26A (Synthetic Human Elastin without domain 26A) corre-
sponding to amino acid residues 27–724 of GenBank entry AAC98394 (gi 182020)
was purified from bacteria on a multi-gram scale as previously described [27].
a-elastin extracted from bovine ligament was obtained from Elastin Products Co.
(Missouri USA). GA was purchased from Sigma. Food grade carbon dioxide (99.99%
purity) was supplied by BOC. GM3348 fibroblast cell line was obtained from the
Coriell Cell Repository. Cells were maintained in Dulbecco’s Modified Eagle’s
Fig. 1. GA cross-linked rTE/a-elastin hydrogels produced at (a, b) atmospheric condition, and
Medium (DMEM) supplemented with 10% v/v fetal bovine serum (FBS), penicillin
and streptomycin. All tissue culture reagents were obtained from Sigma.

2.2. Hydrogel formation

2.2.1. Hydrogel fabrication at atmospheric pressure
In each experiment a 100 mg/ml of rTE/a-elastin in PBS (150 mM NaCl) was

mixed with GA at 4 �C and the solution was immediately pipetted into a Lab-Tek
chamber slide. The slide was then placed at 37 �C for 24 h to fabricate a hydrogel. The
cross-linked hydrogel was removed from the slide, washed repeatedly with PBS, and
stored in PBS for characterisation.

A preliminary set of experiments were conducted to determine the required
ratio of GA and rTE/a-elastin solution for the hydrogel fabrication. A 50/50 weight
ratio rTE/a-elastin was used to optimise the concentration of GA and protein
solution. The concentration of rTE/a-elastin (50/50) solution was varied between
5 mg/ml and 100 mg/ml, and GA between 0.05 and 0.5% (v/v). The solutions
were pipetted into a Lab-Tek chamber slide and then placed at 37 �C for 24 h. The
cross-linked hydrogels were washed in PBS, then placed in 100 mM Tris
((HOCH2)3CNH2) in PBS for 1 h to inhibit further cross-linking and stored in PBS
for characterisation.

2.2.2. Dense gas in hydrogel formation
The experimental procedure used to fabricate rTE/a-elastin hydrogels was

similar to our previous study for the fabrication of cross-linked a-elastin hydrogel by
the dense gas CO2 [9]. Briefly, rTE/a-elastin solution containing GA was injected into
a custom-made Teflon mould placed inside the high pressure vessel. After the vessel
was sealed and approached thermal equilibrium at 37 �C, the system was pressur-
ised with CO2 to 60 bar, isolated and maintained at these conditions for a set period
of time. The system was then depressurised and the sample was collected. Cross-
linked structures were immediately washed repeatedly in PBS, and then placed in
100 mM Tris in PBS for 1 h. After Tris treatment, the hydrogels were washed twice
and stored in PBS for further analysis.

The effects of reaction time, cross-linker concentration, depressurisation rate,
and rTE concentration on the characteristics of hydrogels were assessed. Different
concentrations of GA (i.e. 0.25 and 0.5%(v/v)) were mixed with 100 mg/ml of rTE/
a-elastin (50/50) and the solutions were pipetted into the mould, containing two
individual wells and placed inside the high pressure vessel. The system was then
pressurised to 60 bar for a certain period of time. Different rates of depressurisation
were used in order to investigate the effect of depressurisation rate on the properties
of fabricated hydrogels. The effect of addition of rTE on the characteristics of the
hydrogels was investigated by using weight ratios of 25/75, 50/50, 75/25, and 100/
0 rTE/a-elastin. All samples were prepared over a 1 h reaction time as our prelim-
inary results demonstrated that the rigidity of fabricated hydrogels at high pressure
was not significantly improved by keep increasing the reaction time.

2.3. Swelling properties

The swelling behaviour of the GA cross-linked rTE/a-elastin hydrogels produced
at high pressure and atmospheric conditions was evaluated at two different
temperatures (37 �C and 4 �C) in PBS. The hydrogels were lyophilised prior to use
and were weighed dry. The samples were then swelled in 10 ml PBS for 24 h. For
each temperature, at least three samples were tested. The excess liquid was removed
from the swelled samples and the swelling ratio was calculated based on a ratio of
the increase in mass to that of the dry sample.

2.4. Scanning electron microscopy (SEM)

The SEM images of samples were obtained using a Philips XL30 scanning elec-
tron microscope (15 KV) to determine the pore characteristics of the fabricated
hydrogels and to examine cellular infiltration and adhesion. Lyophilised a-elastin
hydrogels were mounted on aluminium stubs using conductive carbon paint, then
gold coated prior to SEM analysis.
(c, d) high pressure CO2 (0.25% (v/v) GA was used in a, c and 0.5% (v/v) GA in b and d).
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Cell-seeded hydrogels were fixed with 2% (v/v) GA in 0.1 M Na-cacodylate buffer
with 0.1 M sucrose for 1 h at 37 �C. Samples underwent post-fixation with 1%
osmium in 0.1 M Na-cacodylate for 1 h and were then dehydrated in ethanol solu-
tions at 70%, 80%, 90% and 3 times 100% for 10 min each. For drying, the samples
were immersed for 3 min in 100% hexamethyldisilazane (HMDS) then transferred to
a desiccator for 25 min to avoid water contamination. Finally they were mounted on
stubs and sputter coated with 10 nm gold.
Fig. 2. SEM images of rTE/a-elastin hydrogels fabricated at (a, c, e, and g) 60 bar CO2 pressu
images a–d and cross-sections in images e–h.
2.5. Mechanical characterisation

2.5.1. Compressive properties
Uniaxial compression tests were performed in an unconfined state using a Bose

ELF3400 mechanical tester with a 50 N load cell. The testing procedure as described
previously [28–30]. Prior to mechanical testing, the hydrogels produced at high
pressure CO2 and atmospheric conditions were swelled for 2 h in PBS. The thickness
re, and (b, d, f, and h) atmospheric pressure. Top surface of the samples are shown in



Fig. 3. SEM images of rTE/a-elastin hydrogels generated at (a,b) 60 bar pressure (60 bar/min depressurisation rate was used) and (c,d) atmospheric pressure. (0.25% (v/v) GA was
used in a, c and 0.5% (v/v) in b and d).

Fig. 4. SEM images of rTE/a-elastin composite hydrogels produced at 60 bar using (a) 25/75, (b) 50/50, (c) 75/25, and (d) 100/0 weight ratios of rTE/a-elastin (60 bar/min
depressurisation rate was used).
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Fig. 5. SEM images of 0.5% GA cross-linked rTE/a-elastin (50/50) hydrogels produced at high pressure CO2 using (a) slow depressurisation (1 bar/min), (b) fast depressurisation
(60 bar/min).
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(3 � 0.1 mm) and diameter (12.5 � 0.7 mm) of each sample was then measured
using digital callipers. The compressive properties of the samples were tested in the
hydrated state, in PBS, at room temperature. Compression (mm) and load (N) were
recorded using Wintest software at a cross speed of 30 mm/s and 60% strain level. The
samples were cyclically preconditioned for 7 cycles. The hydrogels were subse-
quently subjected to another loading and unloading cycle (8th cycle) where
compression (mm) and load (N) were collected. The compressive modulus for the
8th cycle was obtained as the tangent slope of the stress-strain curve. In addition,
the energy loss based on the 8th compression cycle was computed. Three specimens
were tested for each sample type (sample produced at high pressure CO2 or atmo-
spheric pressure). The effect of rTE concentration on compressive modulus of the
composite hydrogels was also investigated by using weight ratios of 25/75, 50/50,
and 100/0 rTE/a-elastin.

2.5.2. Tensile properties
Tensile properties of GA cross-linked composite hydrogels were assessed in PBS

at 37 �C using an Instron (Model 5543) tensile testing machine with a 50 N load cell.
The samples were 30 � 0.6 mm in length, 4 � 0.1 mm in width, and 2 � 0.05 mm in
thickness. At each condition at least 3 samples were prepared for mechanical testing.
The hydrogels were mounted onto the mechanical tester, with fine sand paper
covering the grips to reduce slippage. Tensile tests were performed at a 3 mm/min
strain rate until failure. The elasticity modulus was calculated as the tangent slope of
the stress-strain curve. Maximum stress and strain were taken as the stress at failure
and the corresponding strain level. The effect of rTE concentration on tensile
properties of fabricated hydrogels was assessed.

2.6. In vitro cell culture

The ability of human skin fibroblast cells (GM3348) to grow into the hydrogels
3D structure was assessed. Following cross-linking, hydrogels were transferred into
a 48-well plate and washed twice with ethanol to sterilise the materials. The
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Fig. 6. Swelling behaviour of rTE/a-elastin hydrogels, produced at high pressure CO2

and atmospheric condition, in PBS at 37 �C.
hydrogels were then washed at least twice with culture media to remove any
residual ethanol and equilibrated in culture media (DMEM, 10% FBS, pen-strep) at
37 �C overnight. The cells were then seeded onto the hydrogels at 1.6�105 cells/well
and compared with an unseeded hydrogel in an adjacent well. Cells were cultured in
a CO2 incubator for 3 days at 37 �C, after which the hydrogels were fixed to assess
cell proliferation and infiltration using light microscopy and SEM analysis.

2.7. Light microscopy analysis on histological samples

The growth of the cells in fabricated hydrogels was confirmed using light
microscopy analysis after fixing, sectioning, and staining cross-sections of cell-
seeded scaffolds. The hydrogels containing cells were fixed by soaking in 10%
formalin overnight. The scaffolds were then immersed in 70% ethanol. The samples
were processed on an automated tissue processor on a 6 h cycle to paraffin through
a graded series of ethanol, and xylene. They were embedded in paraffin wax and
5 mm sections were taken and collected onto glass slides and dried. The slides were
then deparaffinised, rehydrated, stained using a standard haematoxylin and eosin
staining procedure, dehydrated, cleared in xylene, and mounted in DPX. The cross-
sections were examined using a light microscope (Olympus BX61) connected to
a camera.

3. Results and discussions

3.1. Optimisation of protein and GA concentrations for hydrogel
fabrication

Hydrogels were formed at atmospheric pressure when the GA
and combined 50/50 rTE/a-elastin protein concentrations were
above 0.1% (v/v) and 50 mg/ml, respectively. At low concentrations of
GA and protein, soft films of cross-linked rTE/a-elastin formed at the
bottom of the Lab-Tek chamber slides. Consequently, in this study
100 mg/ml of protein solution and two different cross-linker
concentrations, 0.5 and 0.25% (v/v) GA, were used to produce
hydrogels.

3.2. Visual observations of fabricated hybrid hydrogels

The addition of rTE to the protein solution had a substantial
impact on the integrity of the fabricated hydrogels. All hybrid
Table 1
Swelling properties of hydrogels fabricated using high pressure CO2.

rTE/a-elastin weight ratio Swelling ratio (g PBS/g protein)

37 �C 4 �C

0/100 7 � 3.2a 18.3 � 4.6a

25/75 6.8 � 0. 2 7.3 � 0.4
50/50 5.3 � 0.3 6.6 � 1.9
75/25 4.6 � 0.6 5.7 � 0.3
100/0 6.1 � 0.5 7.5 � 0.6

a Data from Ref. [9].
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hydrogels produced by using rTE/a-elastin weight ratios greater
than 50/50 were easily handled and kept their structure after
swelling in PBS. However, 25/75 weight ratio rTE/a-elastin hydro-
gels were mechanically weak.

The visual observations of rTE/a-elastin hydrogels indicate that
the mechanical integrity of fabricated hydrogels was improved by
increasing both cross-linker concentrations and pressure. As indi-
cated in Fig. 1, increasing the cross-linker concentrations from
0.25% (v/v) to 0.5% (v/v) and pressure from 1 bar to 60 bar resulted
in the formation of more rigid hydrogels from 50/50 rTE/a-elastin
solutions.

3.3. The pore structure of rTE/a-elastin hydrogels

The porosity and pore interconnectivity of the hydrogels play
a critical role in tissue regeneration. The porosity allows for
homogeneous cell distribution and growth within the 3D struc-
tures. Comparison of SEM images of GA cross-linked rTE/a-elastin
(50/50) hydrogels in Fig. 2 indicates that the pore size of fabricated
hydrogels increased when using high pressure CO2. The presence of
large pores in both the top surface (Fig. 2a and c) and cross section
(Fig. 2e and g) of the sample fabricated at high pressure CO2 using
0.25% (v/v) GA could facilitate cellular penetration and growth into
the 3D structures. Equivalent circle diameters (ECD) of the pores
were calculated using Image J software. The average pore size in the
cross-sections of rTE/a-elastin hydrogels was enhanced as the
pressure was increased from 1 bar to 60 bar. In hydrogels fabricated
using dense gas CO2 the pore sizes in the cross-sections were in the
range of 22–55 mm with an average pore size of 35 � 9 mm;
however, the pore sizes in the cross-sections of the samples fabri-
cated at atmospheric pressure were between 12 mm and 31 mm with
an average pore size of 20 � 5 mm. In addition, a skin layer was
formed on the top surface of hybrid hydrogels produced at atmo-
spheric conditions; however pores with average size of 78 � 17 mm
were formed on the top surface of hydrogels fabricated at high
pressure CO2. These pores were expected to allow for cell migration
Table 2
Mechanical characterisations of composite hydrogels produced at high pressure CO2 and

Sample rTE/a-elastin
weight ratio

Compressive
modulus (KPa)

Energy loss (%)

High pressure 0/100 1.9 � 0.1a –b

25/75 4.9 � 0.7 47 � 2.3
50/50 11.8 � 1.7 2.5 � 1.2
100/0 5.8 � 0.3 23.1 � 6.3

Atmospheric pressure 0/100 –b –b

25/75 2.3 � 0.1 49.7 � 10.2
50/50 6.1 � 0.6 7.9 � 3.1
100/0 4 � 1.2 26.6 � 4.6

a Data from Ref. [26].
b Not determined.
into the hydrogel matrices. This migration is prevented by the skin-
like barrier on hydrogels produced at atmospheric conditions [9].

3.3.1. The effect of process parameters
Increasing the concentration of GA at both atmospheric and

high pressures decreased the pore sizes of rTE/a-elastin hydrogels;
this effect was more noticeable in the CO2 system. As shown in
Fig. 3, by increasing GA concentration from 0.25% (v/v) to 0.5% (v/v)
the pore sizes for hydrogels produced at high pressure was
decreased from 35 � 9 mm (Fig. 3a) to 20 � 5 mm (Fig. 3b), and for
samples fabricated at atmospheric pressure pore size was
decreased from 20 � 5 mm (Fig. 3c) to 11 � 2 mm (Fig. 3d).

The effect of rTE concentrations on pore morphology of hybrid
hydrogels fabricated at high pressure CO2 is shown in Fig. 4. The
pores in pure rTE hydrogel (Fig. 4d) were much smaller and more
densely packed compared to rTE/a-elastin hybrid hydrogels (Fig. 4a
and b), demonstrating the substantial influence of rTE concentra-
tion on hydrogels microstructures.

Porosity is created in hydrogels fabricated with dense gas tech-
nology as a result of the release of CO2 from the aqueous solution
during depressurisation. The depressurisation rate had an impact on
pore configuration. As shown in Fig. 5, larger pores were generated
in the cross section of 50/50 rTE/a-elastin hydrogels cross-linked
with 0.5% (v/v) GA at a depressurisation rate of 60 bar/min
compared to 1 bar/min. At fast depressurisation rates large numbers
of nuclei (bubbles) formed in the hydrogel matrix, increasing the
chance of pore integration allowing for the subsequent formation of
larger pores. Depressurisation rates greater than 60 bar/min were
not practical as an overly rapid release of CO2 from the matrix can
cause high shear forces that rupture hydrogel integrity.

3.4. Swelling properties

The swelling properties of rTE/a-elastin hydrogels were
measured in PBS at 37 �C and 4 �C. The swelling ratio of samples
exposed to high pressure CO2 was slightly lower than the hydrogels
atmospheric conditions.

Elastic modulus (KPa) Stress at break (KPa) Strain at break (%)

11.2 � 2.3 4.3 � 1.4 27.5 � 0.7
13.9 � 3.6 5.6 � 1.8 24 � 2.7
28.7 � 2.1 8.4 � 2.6 26.3 � 6.7
46.7 � 2.6 39.3 � 14.9 81.9 � 32.9
–b –b –b

8.2 � 0.3 3.36 � 0.2 40.9 � 1.6
11.5 � 1.8 7.9 � 0.7 64 � 5.6
32.7 � 4.5 37.8 � 20.9 92.5 � 31.4
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Fig. 8. Tensile properties of composite hydrogels produced at (a) high pressure CO2, and (b) atmospheric condition.

Table 3
Mechanical properties of elastin-based hydrogels and natural tissues.

Polymer networks Cross-linking
agent

E (kPa) Ref b

rTE/a-elastin
(using high pressure CO2)

GA 11–47 Present study

rTE/a-elastin
(using atmospheric pressure)

GA 3–33 Present study

Engineered ELP GA 99–320 [43]
HMDI w50–1100 [44]

Engineered ELP PQQ 250 [33]
Engineered ELP BS3 80–700 [45]
a-elastin EGDE 4–120 [8]
Engineered ELP TSAT 1.6–15a [46]
Engineered ELP THPP 5.8–45.8a [47]
Engineered ELP tTG 0.28–1.7a [38]
Recombinant human tropoelastin BS3 220–280 [11]
Nucleus pulpous – 11a [48]
Natural aorta elastin – 100–300 [49]

Abbreviations: E: Tensile modulus, ELP: elastin-like polypeptide, EGDE: ethylene
glycol diglycidyl ether, PQQ: pyrroloquinoline quinine, TSAT: tris-succinimidyl
aminotriacetate, THPP: b [tris(hydroxymethyl)phosphino]propionic acid, Ttg: tissue
transglutaminase.

a Complex modulus.
b Some data estimated from graphical plots.
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fabricated at atmospheric conditions (Fig. 6). As indicated in Fig. 6
and Table 1, rTE concentrations had no significant effect on the
swelling ratio of hydrogels. The hybrid hydrogels produced at high
pressure CO2 and atmospheric conditions exhibited swelling ratios
in the range of 4.6–6.8 and 6.3–7.2 g PBS/g protein at 37 �C,
respectively, when rTE/a-elastin ratios were changed from 25/75 to
100/0 weight ratio.

rTE/a-elastin hydrogels displayed stimuli-responsive charac-
teristics toward temperature. Elevated temperature resulted in
a contraction of the material due to water expulsion; therefore, the
hydrogels swelled more at 4 �C compared with 37 �C as indicated in
Table 1. The liquid uptake for all hybrid hydrogels produced at high
pressure CO2 increased on average 20 � 8% when the temperature
was lowered from 37 �C to 4 �C. For example, the PBS uptake of
50/50 rTE/a-elastin hydrogels cross-linked at high pressure CO2

increased from 5.3 � 0.3 to 7.3 � 0.4 g PBS/g protein, when the
temperature was decreased from 37 �C to 4 �C.

The swelling ratios of all the fabricated rTE/a-elastin hydrogels
using high pressure CO2 were lower than the swelling ratio of pure
a-elastin hydrogels reported to be 19 � 5 and 7 � 3 g PBS/g protein
at 4 �C and 37 �C, respectively [9].

3.5. Mechanical characterisation

3.5.1. Compressive properties
The compressive stress-strain curves of GA cross-linked rTE/

a-elastin hydrogels produced at high pressure CO2 and atmospheric
condition are shown in Fig. 7. The stress-strain curves for all
samples fabricated at high pressure CO2 (Fig. 7a) and atmospheric
pressure (Fig. 7b) were linear at 60% strain level, demonstrating the
elasticity of fabricated hydrogels.

The compression modulus of the hydrogels produced at high
pressure CO2 was higher than those fabricated at atmospheric
conditions, as indicated in Table 2. The compression modulus of 50/50
weight ratio rTE/a-elastin hydrogels was increased approximately
2-fold from 6.1 � 0.6 kPa to 11.8 � 1.7 kPa when the fabrication
pressure was raised from 1 bar to 60 bar. This means that the samples
produced at high pressure were stiffer than those produced at atmo-
spheric conditions. As shown in our previous study, high pressure CO2

facilitates coacervation [31]. This further increases the rate and degree
of cross-linking in the polymer rich phase of the rTE/a-elastin/CO2

solutions. Porosity is subsequently created by the release of the
polymer lean CO2 phase. Enhanced cross-linking in the polymer rich
phase reduces the swelling ratio and increases the mechanical
properties of hybrid hydrogels fabricated by dense gas CO2.

The compressive properties of both hydrogels produced at high
pressure CO2 and atmospheric pressure were enhanced by increasing
the rTE/a-elastin weight ratios. As shown in Table 2, the compression
modulus of the GA cross-linked rTE/a-elastin hydrogels produced by
high pressure CO2 increased from 1.9 � 0.1 to 4.9 � 0.7 kPa and
11.8� 1.7 kPa when rTE/a-elastin weight ratios were increased from
0/100 to 25/75 and 50/50, respectively. The compressive modulus of
hydrogels produced at atmospheric conditions increased from
2.4 � 0.1 kPa to 6.1 � 0.6 kPa when the rTE/a-elastin ratios was
modified from 25/75 to 50/50, respectively. Pure a-elastin hydrogels
(0/100), produced at atmospheric conditions, were fragile and had
very weak mechanical strength; so it was not possible to measure
their compressive properties. Pure cross-linked rTE hydrogels had
lower compressive properties than hybrid hydrogels. The cross-links
in elastin fragments are a hybrid, whereas rTE chemical cross-links
are quite homogeneous. As a result, strength has been introduced to
the a-elastin component in this process.

The compression properties of rTE/a-elastin hydrogels produced
at high pressure CO2 were higher than the compression modulus of
a-elastin cross-linked with hexamethylene diisocyanate (HMDI) in
our previous study (7� 1 kPa at 60% strain level) [9] demonstrating
that rTE/a-elastin hydrogels were stiffer than HMDI cross-linked
hydrogels.

The resilience of natural elastin allows for reversible deforma-
tion without loss of energy [32]. Energy loss is proportional to
hysteresis. Generally, the energy loss for the composite hydrogels
fabricated at high pressure CO2 was slightly lower than the hydro-
gels produced at atmospheric conditions, demonstrating a small
increase in hysteresis for the samples produced at atmospheric
pressure. As indicated in Table 2, the 50/50 rTE/a-elastin hydrogels
exhibited lowest energy loss at only 2.5�1.2% and 7.9� 3.1% for the
hydrogel produced at high pressure CO2 and atmospheric pressure,



Fig. 9. Images of fibroblast cells cultured on a 50/50 rTE/a-elastin hydrogel produced at (a,c,) high pressure CO2, and (b, d) atmospheric pressure. Arrowheads in the images show
representative fibroblast cells.
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respectively. The highest energy loss of 47 � 2.3% and 49.7 � 10.2%
was observed for the 25/75 rTE/a-elastin hydrogels produced at
high pressure CO2 and atmospheric pressure, respectively. Pure rTE
hydrogels (100/0) produced at both high pressure CO2 and atmo-
spheric pressure displayed comparable energy loss to purified
native elastin reported to be 23 � 10% [33].

The compressive modulus of the GA cross-linked rTE/a-elastin
hydrogels was correlated with the swelling ratio. In general,
samples with greater swelling have lower compressive moduli. This
phenomenon has also been reported for a lysine diisocyanate (LDI)
cross-linked ELP [28], a genipin cross-linked ELP [34], and a HMDI
cross-linked a-elastin hydrogel [7].

3.5.2. Tensile properties
The tensile stress-strain curves of rTE/a-elastin hydrogels are

shown in Fig. 8. As indicated in Table 2, the elastic modulus of
hydrogels produced at high pressure CO2 was increased 3.4-fold
from 14 � 4 kPa to 47� 3 kPa, when the rTE/a-elastin weight ratios
was changed from 25/75 to 100/0, respectively. Hydrogels
produced at high pressure CO2 exhibited at least 1.5 times higher
modulus of elasticity than those produced under atmospheric
conditions. The elasticity modulus of hybrid hydrogels formed at
atmospheric pressure was enhanced from 8.2 � 0.3 kPa to
33� 5 kPa by increasing the weight ratios of rTE/a-elastin from 25/
75 to 100/0, respectively. The pure a-elastin hydrogels (0/100)
fabricated at atmospheric conditions were fragile and physically
unstable, so that tensile testing was not possible.

In this study, an increase in the concentration of cross-linker and
rTE resulted in an increase in the degree of cross-linking. While this
led to a pore size reduction, the increased cross-linking density
resulted in enhanced mechanical properties of fabricated hybrid
hydrogels including compression and tensile modulus. The use of rTE
provides a potential means for tailoring pore size and mechanical
strength to those required for a specific tissue replacement
application.

Tensile modulus of cross-linked biopolymers has also been
correlated to the swelling ratio. Nickerson et al. found that a high level
of swelling ratio in a cross-linked gelatin–maltodextrin hydrogel
corresponded to a decrease in the tensile modulus of the hydrogel
[35]. The tensile properties of hydrogels fabricated by dense gas CO2

was consistent with the swelling properties, which showed a lower
swelling ratio compared to hydrogels formed at atmospheric
pressure.

The mechanical properties of hybrid hydrogels produced at high
pressure CO2 were compared with other elastin-based hydrogels
fabricated using various cross-linkers (Table 3). As shown in Table 3,
the tensile modulus of cross-linked rTE/a-elastin hydrogels
produced at high pressure CO2 is comparable to those reported in
the literature for a number of elastin-based biomaterials and
natural tissues. The tensile modulus of fabricated hybrid rTE/a-
elastin hydrogels is lower than bis(sulfosuccinimidyl) suberate
(BS3) cross-linked rTE hydrogels reported to be 220–280 kPa [11].
This is likely to be due to the different types of cross-linkers used to
produce the elastin-based hydrogels. BS3 cross-linking gives
a defined cross-link distance whereas GA can polymerise giving rise
to a range of cross-link sizes which could account for the increased
stiffness in BS3 cross-linked constructs. The hydrogels fabricated
from pure rTE could be extended to strains approximately 90%
before breaking, comparable to extensibilities previously reported
for aortic elastin (103%) [33].

3.6. In vitro fibroblast cell proliferation using composite
rTE/a-elastin hydrogels

One of the important functions of tissue engineering scaffold is
to provide a physical support for the cellular growth [36]. Scaffold



Fig. 10. SEM images of fibroblast cells attached to 50/50 rTE/a-elastin hydrogel fabricated at (a) atmospheric conditions, (b–f) high pressure CO2. Panel a, b, and c show hydrogel
surfaces and panel d–f show hydrogel cross-sections.
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microstructure including porosity, mean pore size, and inter-
connectivity impacts on cell infiltration and proliferation within
scaffolds [37–40]. The low surface porosity of hydrogels allows for
only a low diffusive flux of nutrients and gas inhibiting cellular
growth into the 3D matrices. Without using an intrinsic capillary
network, the maximum penetration of cells is approximately
150–200 mm because of the lack of oxygen within the deeper
compartments of the biomaterial [41]. In addition, mean pore size
has been shown to impact on the amount of contraction a graft will
undergo following implantation. An average pore diameter of
20–125 mm was required for contraction inhibiting activity to be
observed in a collagen-glycosaminoglycan (CG) graft copolymers
used for dermal repair [42].

With pore sizes of 78� 17 mm and a compressive modulus more
than six-fold greater than that of a-elastin the 50/50 rTE/a-elastin
hydrogels were therefore chosen to examine the cell interactive
capabilities of the hybrid hydrogels. Human fibroblast cells grew on
the top surfaces or slightly penetrate into the SE hydrogel after at
least 14 day incubation due to the insufficient pore sizes for cellular
growth into the matrices [14]. Cellular growth and proliferation in
rTE/a-elastin hybrid hydrogels were examined by light microscopy
and SEM analysis to demonstrate the feasibility of using the pro-
cessed materials as a 3D hydrogel for soft tissue engineering
applications. Histology staining of adherent fibroblast cells cultured
on hybrid hydrogels produced at high pressure and atmospheric
conditions are shown in Fig. 9. As shown in Fig. 9a and c, fibroblast
cells proliferated on the surfaces and also penetrated up to
approximately 300 mm into rTE/a-elastin hydrogels produced at
high pressure. This was due to the presence of large pores, induced
by high pressure CO2, in these constructs. However, cells were only
able to form a monolayer on the surface of hydrogels fabricated at
atmospheric conditions (Fig. 9b and d). This is likely due to the
inability of fibroblast cells to migrate between the small and
discontinuous pore networks of samples produced at atmospheric
pressure. The SEM images in Fig. 10 confirm the cell proliferation
into the 3D structure of hydrogel fabricated at high pressure CO2. As
shown in Fig. 10, cells were able to attach and proliferate on the top
surface (Fig. 10b and c) and also into the 3D structure (Fig. 10d–f) of
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rTE/a-elastin hydrogels produced under high pressure CO2 due to
the presence of large pores within the materials. However, for the
composite hydrogels produced at atmospheric pressure, cells only
attach and proliferate across the surface as shown in Fig. 10a.

4. Conclusions

We have previously reported on the structural and cell-
supportive properties of hydrogels produced from a-elastin using
dense gas technology in an aqueous based system. However, we
were unable to report on the mechanical properties of those
fabricated hydrogels due to their weak mechanical integrity. The
results of this study demonstrate that addition of rTE significantly
promoted the properties of elastin hydrogels. The degree of cross-
linking was substantially increased when high pressure CO2 was
used during the hydrogel formation; resulting in enhanced
mechanical strength and decreased swelling ratio. The use of high
pressure CO2 circumvents the issue of skin formation on the top
surfaces of fabricated hydrogels; large pores were generated on the
surfaces and within the hybrid hydrogels that facilitated cell
proliferation into the 3D structures. The fabricated rTE/a-elastin
hydrogels can be contemplated as an elastic biomaterial for soft
tissue repair applications.
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Appendix

Figures with essential colour discrimination. Figs. 1, 7, 8 and 9
of this article may be difficult to interpret in black and white. The
full colour images can be found in the on-line version, at doi:10.
1016/j.biomaterials.2009.11.051.
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