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a b s t r a c t

In this study the feasibility of using high pressure CO2 to produce porous a-elastin hydrogels was
investigated. a-Elastin was chemically crosslinked with hexamethylene diisocyanate that can react with
various functional groups in elastin such as lysine, cysteine, and histidine. High pressure CO2 substan-
tially affected the characteristics of the fabricated hydrogels. The pore size of the hydrogels was
enhanced 20-fold when the pressure was increased from 1 bar to 60 bar. The swelling ratio of the
samples fabricated by high pressure CO2 was also higher than the gels produced under atmospheric
pressure. The compression modulus of a-elastin hydrogels was increased as the applied strain magnitude
was modified from 40% to 80%. The compression modulus of hydrogels produced under high pressure
CO2 was 3-fold lower than the gels formed at atmospheric conditions due to the increased porosity of the
gels produced by high pressure CO2. The fabrication of large pores within the 3D structures of these
hydrogels substantially promoted cellular penetration and growth throughout the matrices. The highly
porous a-elastin hydrogel structures fabricated in this study have potential for applications in tissue
engineering.

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

Porous, three-dimensional (3D) scaffolds have been used
extensively as biomaterials in tissue engineering since they may act
as an analogue of the extracellular matrix and provide a physical
support structure for cellular growth [1]. Scaffold mechanical
properties and microstructure including porosity, mean pore size,
interconnectivity, and surface area may influence, sometimes
significantly, cell adhesion and infiltration [2–6]. Many natural
hydrogels containing collagen, hyaluronic acid (HA), fibrin, alginate,
agarose, dextran, chitosan, and elastin-like polypeptides (ELPs) are
attractive materials that have been used as scaffolds due to their
similarities with the extracellular matrix, excellent biological
performance, and inherent cellular interaction capabilities [7,8].
Elastin is an insoluble extracellular matrix protein that provides
tissues with the properties of elasticity and resilience [9]. Due to the
presence of crosslinks in elastin, the protein is highly insoluble and
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therefore difficult to process into new biomaterials. Consequently,
soluble forms of elastin including tropoelastin [10], a-elastin
[11,12], and elastin-like polypeptides (ELPs) [13] are frequently used
to form crosslinked hydrogels.

Various crosslinking methods including chemical [10–24],
enzymatic [14,25], physical [26–28], and g-irradiation [29–31] have
been used to fabricate elastin-based hydrogels. The reactions may
be carried out in an aqueous or organic phase depending on the
type of crosslinker and desired properties of hydrogel. McMillan
et al. [19] showed that crosslinking of an ELP in an organic solvent,
where the ELP molecules exhibit no inverse phase transition,
resulted in the formation of hydrogels that were more uniform and
homogenous compared with those crosslinked in an aqueous
solution. This process commonly comprises two steps: coacerva-
tion and crosslinking [19]. The dissimilarity observed between
these hydrogels fabricated in aqueous and organic solutions
presumably resulted from differences in interactions between the
protein and the solvent during the crosslinking reaction [19]. In this
study homogenous and non-porous hydrogels were obtained when
the protein was chemically crosslinked in an organic solvent in the
absence of coacervation [19]. In general, lack of cellular growth into
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the 3D structures of ELP hydrogels due to the presence of small
pores or porosity gradient is an issue associated with the current
methods used for ELP hydrogel formation.

Dense gas carbon dioxide (CO2) has been used widely as a gas
foaming agent to induce porosity in the structure of amorphous or
semi-crystalline hydrophobic polymers such as poly(lactic acid)
(PLA), poly(lactic acid-co-glycolic acid) (PLGA), and poly-
caprolactone (PCL) [32–36]. A dense gas is a fluid at above or close
to its critical temperature and pressure with the properties inter-
mediate to those of gases and liquids. Dense gas CO2 with a low
critical temperature (Tc: 31 �C) is attractive for biomaterial pro-
cessing because it is inert, non-toxic, and non-flammable [32,33].

Porous hydrogels have been fabricated using supercritical CO2–
water emulsion templated techniques [37–39] and also using dense
gas CO2 as a medium for crosslinking reactions [7,12,40,41]. The
supercritical CO2–water emulsion templated methodology has
been successfully employed to produce highly porous crosslinked
structures of different polymers such as dextran [38], chitosan [39],
alginate [37], polyvinyl alcohol (PVA), and blended PVA/poly
ethylene glycol (PEG) [39]. A 3D structure of highly interconnected
and thin-walled porous dextran hydrogel with the average pore
size less than 26 mm was formed using a surfactant to stabilise the
CO2–water emulsion [38]. Lee et al. synthesised a biodegradable
and inexpensive poly(vinyl acetate)-based surfactant that can be
used in this process to promote the product biocompatibility [39].
Further research may be required to enhance the pore sizes of these
hydrogels for tissue engineering applications.

We have shown previously that highly porous a-elastin hydro-
gels can be formed by crosslinking a-elastin with glutaraldehyde
(GA) in an aqueous solution using high pressure CO2 [12]. These
hydrogels were formed rapidly, in less than an hour, with pore
structures resembling natural elastin [12]. Fibroblast cells prolif-
erated in the 3D structures as a result of CO2 induced channels
within the structure of the a-elastin hydrogels [12]. The low
mechanical properties of the hydrogels were attributed to the low
number of lysine residues (less than 1%) in a-elastin that were
available for crosslinking with GA.

The objective of this study was to fabricate a-elastin hydrogels
with increased porosity and mechanical properties using hexam-
ethylene diisocyanate (HMDI) as a crosslinking agent. Hexam-
ethylene diisocyanate is a bifunctional molecule with lower
cytotoxicity than GA [42]. In general, isocyanates may react with
nucleophilic functional groups such as amines, alcohols, and
protonated acids. Hexamethylene diisocyanate, in particular, reacts
with the side chains of lysine, cysteine, and histidine, and to a lesser
extent tyrosine, in water [21]. Therefore, HMDI may react with other
amino acids available in the a-elastin structure to increase the
crosslinking density and mechanical properties of fabricated
hydrogels. Dimethyl sulfoxide (DMSO) was used as a solvent to
fabricate HMDI crosslinked hydrogels due to the low solubility of
HMDI in aqueous solution. Our research objective was to create an
enhanced 3D pore network throughout a-elastin hydrogels, during
the crosslinking process, by dissolving high pressure CO2 into
a DMSO solution, where the dissolved CO2 would be released on
depressurisation. The pore morphology, swelling ratio, and
mechanical properties of the hydrogels fabricated in this CO2 system
were compared with those produced at atmospheric conditions. In
vitro studies were also conducted to assess the cellular growth and
proliferation in the 3D structures of fabricated hydrogels.

2. Materials and methods

2.1. Materials

a-Elastin extracted from bovine ligament was obtained from Elastin Products Co.
(Missouri, USA). Dimethyl sulfoxide (DMSO) and hexamethylene diisocyanate
(HMDI) were 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 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 100 mg/ml a-elastin in DMSO was mixed with HMDI and the

solution was immediately pipetted into a glass Lab-Tek chamber slide. The sample
was allowed to react for 18 h at room temperature under nitrogen. The crosslinked
hydrogels were then swelled in MilliQ water and gently agitated on a shaker for 2 h
to remove residual DMSO. The media were exchanged with fresh MilliQ water every
15 min with shaking. The hydrogels were then stored in PBS.

A preliminary set of experiments were conducted to determine the required
amount of HMDI for the hydrogel fabrication. a-Elastin solutions at 100 mg/ml were
mixed with various concentrations of HMDI ranging between 0.25% (v/v) and 10%
(v/v). The solutions were then pipetted into Lab-Tek chamber slides and placed in
a chamber connected to a nitrogen line for 18 h at room temperature (25 �C). The
results demonstrated that hydrogels were formed at HMDI concentrations above 1%
(v/v). At low concentrations of HMDI, dissolved a-elastin was partially crosslinked,
while at high concentrations of HMDI (10%) the hydrogel was very rigid and non-
elastic. Consequently, in this study, 2% (v/v) and 5% (v/v) HMDI were used to produce
hydrogels.

2.2.2. Dense gas hydrogel formation
The experimental apparatus used to fabricate a-elastin hydrogels using dense

gas CO2 involved a high-pressure vessel coupled with a CO2 source and a high-
pressure pump. This apparatus has been previously described [12]. An a-elastin
solution containing HMDI was injected into a custom-made Teflon mould placed
inside the high-pressure vessel. After the vessel was sealed and approached thermal
equilibrium at 25 �C, the system was pressurised with CO2 to 60 bar, isolated and
maintained at these conditions for a set period of time. The system was then dep-
ressurised and samples were collected. Then the crosslinked structures were
swelled in MilliQ water and gently agitated on a shaker for 2 h to remove the residue
of DMSO. The hydrogels were stored in PBS for further analysis.

2.3. 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.

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.

2.4. Mechanical characterisation: 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 was done in
accordance with previously documented hydrogel mechanical testing reports [43–
45]. Prior to mechanical testing, the hydrogels produced at high pressure CO2 and
atmospheric condition were swelled for 2 h in PBS. The thickness (3� 0.1 mm) and
diameter (12.5� 0.7 mm) of each sample were measured using a digital calliper
prior to mechanical testing. 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 different
strain levels ranging from 40% to 80%. At each strain level, the samples were cycli-
cally preconditioned for 7 cycles to minimize artefact interference. The hydrogels
were subsequently subjected to another loading and unloading cycle (8th cycle)
where compression (mm) and load (N) were collected. At each strain level, the
compressive modulus for the 8th cycle was obtained as the tangent slope of the
stress–strain curve. In addition, at each strain level, 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 atmospheric pressure) at each strain
level.

2.5. Swelling property

The swelling behaviours of the HMDI crosslinked hydrogels produced at high
pressure CO2 and atmospheric conditions were evaluated at room temperature
(25 �C) in three different solvent environments: MilliQ water, phosphate-buffered
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saline (PBS), and DMSO. All hydrogels were lyophilised prior to use and were weighed
dry. The samples were then swelled in 10 ml of solvent (MilliQ water, PBS or DMSO)
for 24 h. For each solvent, at least three samples were placed in the media overnight.
The excess liquid was then removed from the swelled samples and the swelling ratio
was calculated based on the ratio of the increase in mass to that of the dry sample.

2.6. In vitro cell culture

The ability of human skin fibroblast cells (GM3348) to grow into the 3D hydrogel
structure was assessed. Following crosslinking, hydrogels were transferred into
a 48-well plate and washed twice with ethanol to sterilise the materials. The
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 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 DP50) connected to the
camera.

3. Results and discussion

In this study the feasibility of using high pressure CO2 to produce
HMDI crosslinked a-elastin hydrogels with increased mechanical
properties and pore sizes was assessed. The effects of reaction time
and crosslinker concentration on the characteristics of the hydrogel
produced at high pressure CO2 were investigated. Preliminary
experiments demonstrated that when 2% (v/v) HMDI was used, the
hydrogels were not formed at reaction times below 2 h. A partially
crosslinked film of a-elastin was observed in the mould when the
system was depressurised after 1 h. However, when the crosslinker
concentration was increased to 5% (v/v), a hydrogel with desirable
pore size and elasticity was obtained within 1 h. As the reaction
time was further increased from 1 to 2 h, the 5% (v/v) HMDI
crosslinked hydrogel became rigid and less elastic.

3.1. Pore structure of the a-elastin hydrogel

The structures of hydrogels including porosity, pore sizes, and
interconnectivity have a substantial influence on penetration,
adhesion, and growth of the cells within the 3D structures. The
macrostructures of 2% (v/v) HMDI crosslinked a-elastin hydrogels
produced at high pressure CO2 and atmospheric conditions in
lyophilised and hydrated states are shown in Fig. 1. Rigid a-
Fig. 1. HMDI crosslinked a-elastin hydrogel produced at 60 bar CO2 (a), and
elastin hydrogels were formed at both high pressure CO2 and
atmospheric conditions as shown in Fig. 1. The hydrogels were
easily handled and kept their macrostructures after swelling. This
was due to the high degree of crosslinking within the structures
of HMDI crosslinked hydrogels. As shown in Fig. 1, increased
porosity in the hydrogels fabricated at high pressure was clearly
evident.

In this study, SEM analysis was used to characterise the pore
morphology of fabricated a-elastin hydrogels. As shown in Fig. 2c–f,
the hydrogels fabricated at 60 bar CO2 pressure were highly porous.
Comparison of SEM images of a-elastin hydrogels produced under
high pressure CO2 and atmospheric conditions indicated that high
pressure CO2 increased the pore size of the fabricated hydrogels as
shown in Fig. 2. Equivalent circle diameter (ECD) of the pores was
calculated using Image J software. The average pore size of hydro-
gels fabricated by using 2% (v/v) HMDI increased from 3.9� 0.8 mm
to 79.8� 54.8 mm when pressure was increased from 1 bar to
60 bar. In hydrogels fabricated by the dense gas CO2, 52.6% of the
pores were above 80 mm in diameter which makes these hydrogels
suitable for cellular growth through the 3D structures. The pres-
ence of large channels in the cross-sections of samples fabricated at
high pressure CO2 (Fig. 2d) could facilitate cellular penetration and
proliferation into the 3D structures. These large channels were not
present in hydrogels fabricated at atmospheric conditions as shown
in Fig. 2b. The generation of large channels is a unique feature of
dense gas CO2 that facilitated the penetration and growth of
fibroblast cells in 3D structures of GA crosslinked a-elastin hydro-
gels reported in our previous study [12].

The formation of large pores in the 3D structures of HMDI
crosslinked hydrogels produced at high pressure CO2 may be due
to the high solubility of CO2 in DMSO at operating temperature
(25 �C) and pressure (60 bar). Phase behaviour studies on binary
mixtures of CO2 and DMSO indicated that solubility of CO2 in
DMSO is a function of temperature and pressure [46]. Kordikowski
et al. reported that increasing the temperature decreased the CO2

solubility in DMSO. The solubility of CO2 in DMSO was also
enhanced by increasing the pressure at constant temperature [46].
The molar fractions of CO2 increased from 0.1 to 0.9 when pres-
sure raised from 10 bar to 60 bar at 25 �C [46]. The extent of
miscibility is reflected in the volume expansions of the liquid
phase; no further expansion takes place with the occurrence of
liquid–liquid immiscibility. The volume expansions for the binary
mixture of CO2 and DMSO increased from 10% to 820% at 25 �C
when pressure was increased from 10 bar to 60 bar [46]. However,
using a higher temperature (30 �C) the volume expansions of the
mixture increased from 6.5% to 180% when pressure was
enhanced from 10 bar to 60 bar [46]. Consequently, in this study
the operating conditions of 25 �C and 60 bar were used to achieve
higher solubility of CO2 in DMSO. a-Elastin solution in DMSO
could be expanded by CO2 at 60 bar and 25 �C as the crosslinking
atmospheric conditions (b) before and after hydration in water at 25 �C.
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reaction and gelation took place. The presence of the crosslinker
in the a-elastin solution is likely to limit the expansion of a-
elastin solution by CO2.

Using 5% (v/v) HMDI, the number of the large pores on the top
and also in the cross-section of the sample was reduced as
compared to the 2% (v/v) HMDI crosslinked hydrogels (Fig. 2 e and
f). However, using a higher concentration of HMDI (5% (v/v)), the
hydrogels were more rigid than 2% (v/v) HMDI crosslinked hydro-
gels. Increasing the crosslinker concentration resulted in an
increase in the degree of crosslinking through the hydrogel
matrices, which limited the ability of the a-elastin solution to
expand in CO2 and led to the formation of smaller pores.

3.2. Mechanical characterisation: compressive properties

The compressive mechanical properties of HMDI crosslinked
samples produced at high pressure CO2 and atmospheric condi-
tions are shown in Fig. 3. The compression modulus of both
samples, produced at high pressure and atmospheric conditions,
increased as the applied strain magnitude was increased. The
compression modulus of the sample produced at atmospheric
conditions ranged from 11.25� 0.4 kPa to 18.8� 3.4 kPa at 40% and
Fig. 2. SEM images of a-elastin hydrogels fabricated at atmospheric pressure using 2% HMD
(e, f).
80% strain, respectively (Fig. 3c). The stress-strain curve became
nonlinear at strain levels above 40% as shown in Fig. 3b. This
indicated that plastic deformation occurred in the hydrogels
produced at atmospheric conditions at strains greater than 40%.
However, for the samples fabricated at high pressure CO2, the
stress–strain curve was still linear at 60% strain (Fig. 3a). Therefore,
the samples produced at high pressure CO2 were expected to be
more elastic than hydrogels produced at atmospheric conditions.
The compression modulus of the HMDI crosslinked hydrogel
produced by high pressure CO2 ranged from 3.99� 0.5 kPa to
8.62�1.7 kPa at 40% and 80% strain, respectively (Fig. 3c). The
compression modulus of the hydrogels produced at high pressure
CO2 was generally lower than the samples produced at atmospheric
conditions. This means that the samples produced at atmospheric
pressure were stiffer than those produced using high pressure CO2.
This was expected due to the increased porosity of the samples
fabricated at high pressure CO2.

The compression properties of the fabricated materials were
comparable to those reported in the literature for a number of
biomaterials. Srokowski et al. found that the compression modulus
of a non-porous ELP gel was between 6.26 kPa and 215 kPa over
a strain range of 20–80% [43]. However, for a porous foam-like ELP
I (a, b), 60 bar CO2 pressure using 2% HMDI (c, d), 60 bar CO2 pressure using 5% HMDI



0

10

20

30

40

50

Strain (mm/mm)

S
t
r
e
s
s
 
(
K

P
a
)

80%

40%

60%

b

0

2

4

6

8

10

12

14

0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
Strain (mm/mm)

S
t
r
e
s
s
 
(
K

P
a
)

80%

40%

60%

a

0

5

10

15

20

25

40% 60% 80%
Strain level (mm)

C
o

m
p

r
e
s
s
i
v
e
 
M

o
d

u
l
u

s

(
K

P
a
)

Atmospheric pressure  High pressure Atmospheric pressure  High pressurec

0
3
6
9

12
15
18
21

40% 60% 80%
Strain level (mm)

E
n

e
r
g

y
 
L

o
s
s
 
%

d

Fig. 3. Unconfined compressive behaviour of HMDI crosslinked hydrogel. Cyclic stress–strain data for the sample produced at high pressure CO2 (a), and atmospheric condition (b).
Compressive modulus (c) and energy loss (d) at each strain level for both hydrogels produced at high pressure CO2 and atmospheric conditions.

N. Annabi et al. / Biomaterials 30 (2009) 4550–45574554
the compression modulus was reported between 4.48 kPa and
146.50 kPa [43]. The compression strength of a flexible poly-
urethane foam increased from 2.4 kPa to 11.7 kPa for strain levels
between 20% and 60% as reported by Lutter et al. [47]. Thomas et al.
fabricated a copolymer gel of polyvinyl alcohol (PVA)/polyvinyl
pyrrolidine (PVP) for endoscopic replacement of the nucleus pul-
posus of a lumbar intervertebral disk [48]. The compression
modulus of fabricated PVA/PVP was reported between 4 kPa and
5.5 kPa for 15% and 25% in strain level [48]. The compression
modulus of a poly(ethylene glycol) diacrylate (PEGDA) used for
lamina propria regeneration ranged between w30 kPa and 100 kPa
depending on the PEGDA concentration [49]. The compression
modulus of porous natural–synthetic polymer composites,
produced by impregnation monomers such as butylmethacrylate
(BMA) into porous alginate using emulsion templating and super-
critical CO2, was also reported between 9.8� 3.7 kPa and
39.9� 4.2 kPa by Partap et al. [50]. The mean compressive modulus
of the nucleus pulposus of the lumbar intervertebral disc was
reported to be 5.4 kPa [51] which is in the range of the compressive
modulus of fabricated a-elastin hydrogel using high pressure CO2.
As the intervertebral disc consists of approximately 1.7% elastin
[52], the HMDI crosslinked hydrogels at high pressure CO2 offer
unique promise for an orthopaedic application.

High resilience of elastin provides the ability to deform revers-
ibly without loss of energy [53]. Energy loss is proportional to
hysteresis. Using 60% strain level, the energy loss for the hydrogels
fabricated at high pressure CO2 was 6.03�1.14%. However, for the
gels produced at atmospheric conditions the energy loss was
11.72� 4.02%, demonstrating greater hysteresis for the samples
produced at atmospheric pressure. As shown in Fig. 3d, the energy
loss of both hydrogels fabricated at high pressure CO2 and atmo-
spheric conditions increased with increasing strain levels. The
energy loss for samples produced at high pressure CO2 increased
from 1.43� 0.86% to 13.16�1.93%, when the strain level increased
from 40% to 80% as shown in Fig. 3d. For the hydrogels produced at
atmospheric pressure, it increased from 4.51�1.54% to
14.67� 3.31% when the strain level increased from 40% to 80%.

The energy loss of the fabricated a-elastin hydrogel was either
lower or comparable with those reported for fabricated ELPs using
various crosslinkers. Veith et al. found that the energy loss for
a genipin crosslinked elastin-based recombinant polypeptide was
9.7�6.2% [24]. However, using pyrroloquinoline quinone (PQQ) as
a crosslinking agent, energy loss increased to 20.4�1.6% indicating
greater hysteresis in PQQ crosslinked sheets [24]. Srokowski et al.
also reported a relatively constant energy loss of 51.3�10.1% at
different strain levels for an ELP [43]. The energy loss of aorta
elastin purified from porcine tissue was reported to be 23� 2% by
Bellingham et al. and for two different engineered ELPs 20� 7% and
23�10% [20].

3.3. Swelling properties

The swelling behaviour of the fabricated hydrogels is shown in
Fig. 4. Generally, the swelling ratio of the samples exposed to high
pressure CO2 was higher than the hydrogels fabricated at atmo-
spheric condition as indicated in Fig. 4. Both hydrogels produced at
high pressure CO2 and atmospheric pressure swelled more in
DMSO than in water and PBS. Hydrogels produced at 60 bar CO2



Table 1
Swelling ratio and compressive modulus of hydrogels fabricated at high pressure
CO2 and atmospheric conditions.

Crosslinked hydrogel Swelling ratio
(g liquid/g protein)

Compressive
modulus (kPa)

Atmospheric pressure 9.82� 1.97 11.25� 0.4a

18.8� 3.4b

High pressure 18.65� 0.88 3.99� 0.5a

8.62� 1.7b

a Applied strain magnitude: 40%.
b Applied strain magnitude: 80%.
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pressure absorbed 6.81�0.46, 10.9� 2.46, and 18.65� 0.88 g
liquid/g protein when they were hydrated in PBS, water, and DMSO,
respectively. However, the gels formed at atmospheric pressure
absorbed 4.79� 0.15, 9.45� 0.25, and 9.82�1.97 g liquid/g protein
when they were swelled in PBS, water, and DMSO, respectively. The
exact mechanism of an increase in the swelling ratio of HMDI
crosslinked hydrogels in DMSO is unknown [43]. DMSO can
destabilize the secondary structure of proteins and peptides by
interacting with the polypeptide backbone [43]. Lillie and Gosline
reported that higher swelling in DMSO may be attributed to an
increase in the molecular mobility of the elastin network through
plasticisation [54]. In the DMSO system the a-elastin hydrogel may
be plasticised by DMSO, resulting in an increase in segment length
between crosslinks. The higher swelling ratio of the sample
produced at high pressure CO2 was due to the presence of larger
pores through their structures compared to the hydrogel formed at
atmospheric pressure.
Fig. 5. Images of fibroblast cells cultured on hydrogel produced a
The swelling ratio of HMDI crosslinked a-elastin hydrogels
produced at high pressure CO2 was either considerably greater or
comparable with other crosslinked ELP hydrogels using diisocya-
nate crosslinker [21,43]. The swelling behaviour of a-elastin
hydrogels produced at high pressure CO2 was comparable with
a lysine diisocyanate (LDI) crosslinked ELPs with the swelling
capacity of approximately 6 g liquid/g protein in both PBS and
water [43]. However, the swelling ratio of gels produced at high
pressure CO2 was 10-fold higher than an HMDI crosslinked ELPs
reported by Nowatzki et al. (0.37 g H2O/g protein at 4 �C) [21]. This
may be due to the increased porosity within the structures of
fabricated hydrogels or lower degree of crosslinking.

The swelling ratio of HMDI crosslinked a-elastin using 60 bar
CO2 pressure was lower than the GA crosslinked a-elastin hydrogel
fabricated at 60 bar CO2, which was 33.2� 0.8 g H2O/g protein as
reported in our previous study [12]. This may due to the higher
degree of crosslinking through the structures of HMDI crosslinked
a-elastin hydrogel as the swelling ratio of hydrogels is correlated to
the degree of crosslinking. Generally, the hydrogels with a high
degree of crosslinking exhibit low swelling ratio.

The swelling behaviour of the HMDI crosslinked hydrogel was
correlated with the compressive modulus. In general, the samples
with greater swelling have lower compressive moduli as indicated
in Table 1. This phenomenon has also been reported by Srokowski
et al., where a higher compressive modulus corresponded to lower
level of swelling for LDI crosslinked hydrogels [43]. Vieth et al. also
found that the elastic modulus of genipin crosslinked ELPs was
irreversibly correlated with the swelling ratio [24].

3.4. In vitro fibroblast cell proliferation using elastin hydrogels

Cellular growth and proliferation in a-elastin hydrogels were
examined by light microscopy and SEM analysis to demonstrate
the feasibility of using the processed material for soft tissue
engineering applications. The light microscopy images of adherent
fibroblast cells cultured on hydrogel produced at 60 bar CO2 are
shown in Fig. 5. Haematoxylin and eosin were used for staining, as
a result the cells appear as dark grey and the a-elastin scaffolds as
light grey. As shown in Fig. 5b and c fibroblast cells were able to
grow into the 3D structures of a-elastin due to the presence of
large pores induced by high pressure CO2. However, cells were
only able to form a monolayer on the surface of the hydrogel
fabricated at atmospheric conditions as indicated in Fig. 5a, due to
the presence of small pores on the surface. The SEM images in
Fig. 6 corroborated the cell proliferation into the 3D structure of
hydrogel fabricated at high pressure CO2. As shown in Fig. 6, cells
were able to colonise at the top surface (Fig. 6b and c) and also
into the 3D structure (Fig. 6d–f) of a-elastin hydrogels produced
under high pressure CO2 due to the presence of large pores within
the materials.
t atmospheric pressure (a) and high pressure CO2 (b and c).



Fig. 6. SEM images of fibroblast cells attached to a-elastin hydrogel fabricated at atmospheric conditions (a), and high pressure CO2 (b–f). Top surfaces (a–c), internal surfaces of
hydrogel obtained by cross sectioning the sample (d–f).
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4. Conclusions

This study demonstrated the feasibility of fabricating elastin
hydrogels with enhanced mechanical properties and pore sizes
using dense gas CO2 and HMDI crosslinker. High pressure CO2

significantly increased the pore sizes of fabricated hydrogels due to
the high solubility and diffusion of CO2 in DMSO. Hydrogels fabri-
cated using dense gas CO2 were more elastic compared with those
fabricated at atmospheric pressure. The compressive modulus of
the sample produced at high pressure CO2 was lower than the gel
fabricated at atmospheric conditions due to the presence of larger
pores within the structures of crosslinked material produced under
high pressure CO2. The fabrication of these large pores within the
3D structures substantially promoted fibroblast infiltration and
growth throughout the matrices. The fabricated a-elastin hydrogels
display promising characteristics that may be suitable for soft
tissue repair and orthopaedic applications such as spinal nucleus
replacement.
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