Synthetic elastin hydrogels that are coblended with heparin display
substantial swelling, increased porosity, and improved cell penetration
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Abstract: Synthetic elastin hydrogels are useful tissue engi-
neering scaffolds because they present cell binding sequen-
ces and display physical performance similar to that of
human elastic tissue. Small pores and a low porosity can
limit cellular penetration into elastin scaffolds. To overcome
this problem, glycosaminoglycans were coblended with tro-
poelastin during the formation of synthetic elastin hydrogels.
Heparin and dermatan sulfate increased the pore size and po-
rosity of the hydrogels. Heparin was particularly effective as
it enlarged the pore size from 6.6 = 2.1 uym to 23.8 = 8.5 um,
and generated structures occasionally separated by finely
fenestrated thin walls, which allowed human dermal fibro-
blast cells to migrate as deep as ~300 pum into the hydrogel
under diffusion-limiting static culture conditions. Most cells

displayed spindle-like morphology, appeared histologically
normal and presented intact nuclei, as expected for a viable
population. Hydrogel swelling studies showed that each of
the hydrogels contracted as the temperature was raised from
4°C to 37°C; synthetic elastin-heparin was least affected by
temperature with a contraction of only 22.4 + 1.2%, which
would facilitate its transition from cold storage to body tem-
perature. All hydrogels displayed similar compression moduli
of 5,6 = 0.4 to 6.9 = 0.6 kPa. Compressive elastic energy
losses for synthetic elastin-heparin and synthetic elastin
were 33.7 = 1.3% and 31.7 + 2.2% respectively. © 2010 Wiley
Periodicals, Inc. J Biomed Mater Res Part A: 95A: 1215-1222, 2010.
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INTRODUCTION

Cell adhesion, differentiation, and infiltration are substan-
tially influenced by tissue engineering scaffold microstruc-
tures that include porosity, pore size, shape, and interconnec-
tivity,'™ and by the mechanical properties of the scaffold.®~**
Elastin, collagen, and glycosaminoglycans (GAGs) are major
components of the ECM and have been widely adopted as
scaffold components'®'* while collagen-GAG co-blend scaf-
folds are commercially used in dermal repair.**>*

The use of the dominant elastic ECM protein elastin has
been limited in tissue engineering constructs because it is
extremely insoluble as a consequence of extensive lysine
mediated cross-links although this impediment has been
partly removed through the use of chemically solubilized
elastin.'*?® The availability of recombinant forms of tro-
poelastin, the soluble precursor of elastin, has allowed for
further research into the formation of tropoelastin-based
scaffolds. Synthetic elastin scaffolds based on the polymer-
ization of tropoelastin have strength, elasticity, and bio-
compatibility that approach that of human elastic tissue
and are amenable to molding into a variety of shaped tis-
sue substrata.?®?” However, these synthetic elastin scaf-
folds are non-homogeneous and are enriched for small
pores and display limited porosity, which limit cellular
migration deep into the scaffolds.?®
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GAGs such as heparin and dermatan sulfate are com-
plex polysaccharides that play important roles in cell
growth, differentiation, morphogenesis, and cell migra-
tion.?3! GAGs have also been shown to promote tropoe-
lastin self-assembly in vitro by binding tropoelastin
through lysine side chains and lowering the critical con-
centration for the coacervation*??3 Mixed constructs of
collagen, elastin, and GAGs have the potential to serve as
versatile biomaterials.**

This study presents evidence that the pore size and con-
nectivity of synthetic elastin scaffolds is improved by
coblending with heparin and dermatan sulfate. The micro-
structure, pore morphology, swelling properties, and me-
chanical properties of these hydrogels demonstrate com-
pressive elasticity and facilitate colonization by human
dermal fibroblasts.

MATERIALS AND METHODS

Protein production and reagents

Recombinant human tropoelastin isoform SHELA26A (Syn-
thetic Human Elastin without domain 26A) corresponding
to amino acid residues 27-724 of GenBank entry AAC98394
(gi 182020) was purified as previously described.>? Heparin
(H3393) and dermatan sulfate (C3788-25MG) were from
Sigma-Aldrich.
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Hydrogel formation

Tropoelastin (100 mg/mL) was dissolved in phosphate-buf-
fered saline (10 mM sodium phosphate pH 7.4, 150 mM
sodium chloride; PBS) at 4°C. Cold heparin or dermatan sul-
fate was added from 4.2 to 16.7 mg/mL. Cold bis(sulfosucci-
nimidyl)suberate (BS3) solution was then added to 10 mM.
Solutions were immediately transferred to 8-well glass
slides (Lab-Tek chamber slide, Nalge Nunc International),
and placed at 37°C for 16 h to facilitate coacervation and
cross-linking.

Scanning electron microscopy

Cross-linked elastin hydrogels were washed several times in
PBS before being dehydrated three times in 50, 70, 80, 90,
95, and 100% (v/v) ethanol, each for 5 min. For drying,
samples were soaked in 100% hexamethyldisilazane for
3 min and then transferred to a desiccator for at least 2 h.
All samples were mounted on stubs, followed by coating in
a Synavac Xenosput chromium coater for 150 s at 40 mA to
give a thin (~3 nm) surface coating of chromium. Samples
were examined using the Zeiss ultra plus FESEM with SE2
signal detector at 3-3.5 kV.

Micro-CT analysis

Lyophilized elastin hydrogels were examined with a Skyscan
1072 high-resolution desktop X-ray CT scanner (Skyscan,
Belgium). Samples were mounted on a plastic support that
rotated vertically through 360°. The X-ray tube was set at
160 pA current and 60 kV voltage and samples were scanned
with a 2.3-pum voxel resolution. 360° X-ray images of the
samples were converted to 3D models using VG Studio Max
software (Volume Graphics GmbH, Heidelberg, Germany).

Swelling properties

The swelling behavior of elastin hydrogels was tested in
PBS at 4, 20, and 37°C. All hydrogels were lyophilized and
the masses of the dry hydrogels were recorded. Samples
were hydrated at 4°C and then swelled in PBS at the specified
temperatures for 20 h. Excess PBS was removed from each of
the samples and the swelling ratio was calculated based on a
ratio of the increase in mass to that of the dry sample, verified
by assessment of the amount of expelled PBS. For each type of
hydrogel, at least three samples were tested.

Mechanical properties

Uniaxial compression tests were performed in an uncon-
fined state using a Bose ELF3400 mechanical tester with a
50 N load cell. The testing procedure was as described pre-
viously.?®3°737 Prior to mechanical testing, the hydrogels
were swelled for 5 h in PBS. 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 um/s
and 50% strain level. Samples were cyclically precondi-
tioned for seven cycles. The hydrogels were subsequently
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 using

1216 TU ET AL.

linear regression between strains of 0-0.2 mm/mm. In addi-
tion, the energy loss based on the 8th compression cycle
was calculated using the following formula:

Energy loss = 100% x (area under loading curve
— area under unloading curve)/area under loading curve.

At least three specimens were tested for each type of
hydrogel >3~*°

In vitro cell culture

Hydrogels in 24-well plates were sterilized by soaking three
times with ethanol followed by three washes in culture
media (DMEM, 10%FBS, pen-strep) then equilibrated in cul-
ture media at 37°C for 16 h. Human dermal fibroblasts
(GM3348, Coriell Research Institute, NJ) were seeded onto
the hydrogels at 2 x 10° cells per well and were cultured
in a CO, incubator for to days at 37°C. Samples were fixed
with 2.5% glutaraldehyde in 0.1M phosphate buffer pH 7.2
(PB) for 1 h and 1% osmium in 0.1M PB for 1 h, then dehy-
drated and analyzed by SEM.

Histology staining and light microscopy analysis
Following in vitro cell culture, hydrogels were fixed in 10%
formalin and dehydrated through a graded series of ethanol
and xylene solvents, then embedded in paraffin wax. Five
micron-thick sections were cut and dried on glass slides,
then deparaffinized and rehydrated. Cross-sections were
stained with hematoxylin & eosin.

RESULTS

Synthetic elastin-GAG hydrogels

Totally, 100 mg/mL tropoelastin and 10 mM BS3 were dis-
solved in cold PBS then placed at 37°C for 16 h to facilitate
coacervation and cross-linking. The solution formed slightly
yellow elastic hydrogels similar to those described previ-
ously.®"?” Comparable hydrogels were formed when 4.17,
8.35, and 16.7 mg/mL heparin or when 8.35 mg/mL derma-
tan sulfate co-blended at 37°C with 100 mg/mL tropoelastin
solutions. However if the concentration of dermatan sulfate
was increased to 16.7 mg/mL, a concentrated thin product
was formed that was soft, inelastic, and fragile.

Two milliliter 100 mg/mL tropoelastin and 10 mM BS3
in PBS and 2 mL 100 mg/mL tropoelastin, 10 mM BS3, and
16.7 mg/mL heparin in PBS were separately transferred
into 3-mL syringes (Terumo Corporation). Hydrogels formed
inside the syringes after incubation at 37°C for 16 h. The
tropoelastin solution formed a compact hydrogel at the bot-
tom of the syringe that was ~25% of the volume of the
starting solution; in contrast, the tropoelastin-heparin solu-
tion gave a larger, porous cylindrical hydrogel that was
~80% the volume of the starting solution [Fig. 1(A)]. These
structures retained their shape after removal from the
syringes [Fig. 1(B)].

SYNTHETIC ELASTIN HYDROGELS



FIGURE 1. Visual comparisons of hydrogels made using (#1) 100 mg/
mL tropoelastin and (#2) 100 mg/mL tropoelastin co-blended with
16.7 mg/mL heparin, (A) inside syringes, (B) after removing from the
syringes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Structure of synthetic elastin hydrogels

The tropoelastin-based hydrogel (SE) was analyzed by SEM.
Both the top surface [Fig. 2(A)] and the cross-section [Fig.
2(B)] of the hydrogel displayed a compact structure with
small (6.6 = 2.1 um) isolated pores.

The hydrogel that was made using 100 mg/mL tropoe-
lastin and 16.7 mg/mL heparin differed from SE in that it
was composed of two parts: a 100 pum thick outer region
[Fig. 2(C)] with ~2-5 pm diameter pores [Fig. 2(D)], and an
inner region that consisted of 23.8 = 8.5 pum pores (n =
100). This ~100 pm thick outer region was removed before
seeding cells. The pores of the inner region had thin walls
that were connected by small fenestrations [Fig. 2(E)]. Simi-
lar structures were seen when the 100 mg/mL tropoelastin
solution contained either 8.35 or 4.17 mg/mL of heparin
[Fig. 2(F,G)]. Dermatan sulfate had only a small effect on the
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hydrogel structure: with 100 mg/mL tropoelastin and 8.35
mg/mL dermatan sulfate the pore size (n = 100) was only
14.1 = 4.2 pm [Fig. 2(H)] which was too small for cells to
penetrate.

Different concentrations of heparin had a similar effect
on the hydrogel structure; hydrogels made using higher con-
centrations of heparin had a regular shape with pores that
were of a more uniform size and shape. Only the 8.35 mg/
mL dermatan sulfate was able to form a coblended hydro-
gel. On this basis, subsequent constructs were made with
100 mg/mL tropoelastin and 16.7 mg/mL heparin (SE-Hep)
and 100 mg/mL tropoelastin and 8.35 mg/mL dermatan
sulfate (SE-DS).

Three-dimensional models of synthetic

elastin hydrogels

Micro-CT facilitated a deeper 3D description of the hydrogel
structures than could be obtained by SEM. SE displayed
many small pores [Fig. 3(A)]. By visual assessment, SE-Hep
[Fig. 3(B)] and SE-DS [Fig. 3(C)] presented increased poros-
ity than compared to SE. Apparent sizes compared with
those seen in SEM.

The swelling ratios for synthetic elastin

hydrogels at different temperatures

The swelling ratios of SE, SE-Hep, and SE-DS hydrogels are
shown in Figure 4. These ratios were used to compare the
contraction of the hydrogel in the transition from 4°C to
37°C (Table I). All hydrogels expelled PBS as the tempera-
ture rose. SE showed the most substantial change as its
swelling ratio decreased 62.8 = 4.8% over this temperature
range. SE-DS was intermediate with a decrease of 31.1 *
2.8%. SE-Hep was the least affected by temperature with a
swelling ratio decrease of only 22.4 = 1.2%.

Mechanical properties of synthetic elastin hydrogels
Compression tests were performed on PBS-hydrated SE, SE-
Hep and SE-DS at room temperature and subjected to t-test
analysis (two-sample assuming unequal variances) in order
to determine statistical significance. SE-Hep was more elas-
tic than either SE-DS or SE. The compression moduli for SE,
SE-Hep, and SE-DS hydrogels were 6.9 = 0.57, 5.5 = 0.42,
and 6.2 * 1.58 kPa respectively over 0-0.2 mm/mm strain.
SE-DS displayed the highest energy loss of 41.5 = 1.5%,
while lower energy loss was observed on SE and SE-Hep as
31.7 = 2.2% and 33.7 £ 1.3% (Table II).

In vitro cell proliferation and penetration on

synthetic elastin-GAG hydrogels

Human dermal fibroblasts were seeded onto SE-Hep and
SE-DS. Histology staining showed that fibroblasts had prolif-
erated on the SE-Hep surface and penetrated (~300 pm)
into the hydrogel over two days [Fig. 5(A)]. About half of
the cells penetrated into the hydrogels and ~10% of all
cells migrated as deep as 300 pm. Most cells displayed spin-
dle-like morphology, appeared histologically normal and pre-
sented intact nuclei, as expected for a viable population. Over
a longer period of time in vitro, cells continue to colonize the
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FIGURE 2. SEM images of the (A) surface and (B) cross-section of a synthetic elastin hydrogel, (C) thin outer layer as indicated by arrows and
(D) top surface of a synthetic elastin hydrogel containing 16.7 mg/mL heparin, (E) cross-section of synthetic elastin hydrogels containing 16.7
mg/mL heparin; thin fenestrations are as indicated by arrows, (F) 8.35 mg/mL heparin, (G) 4.17 mg/mL heparin, and (H) 8.35 mg/mL dermatan
sulfate. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

matrix but did not penetrate below ~300 pm. We would
not have expected and did not see further penetration
under static growth conditions as beyond this depth cells
are no longer viable due to limitations on gas and nutrient
diffusion. Without using an intrinsic capillary network, the
maximum penetration of cells is approximately 150-200 pum
because of the lack of oxygen within the deeper compart-
ments of the biomaterial.*!
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Cells had attached to and occasionally penetrated the
thin interstitial walls between the pores [Fig. 5(B)]. SEM
analysis confirmed that cells had spread on the hydrogel
surfaces and migrated into pores [Fig. 5(C,D)]. For SE-DS,
histology staining and SEM analysis revealed a monolayer of
cells on the hydrogel surface; few cells had penetrated pre-
sumably due to the smaller pore sizes and thicker walls
between the pores [Fig. 6(A,B)].
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FIGURE 3. Micro-CT images of (A) SE hydrogel, (B) SE-Hep hydrogel, and (C) SE-DS hydrogel.

DISCUSSION

In this study, two types of GAG were introduced into syn-
thetic elastin hydrogel formations to increase their pore size
and penetration. Heparin had a substantial effect on the
microstructure of synthetic elastin hydrogels. The pore sizes
of SE-Hep were ~3.6-fold large than in SE hydrogels, and
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FIGURE 4. Swelling ratios for each type of the synthetic elastin hydro-
gels at various temperatures.

their pores appeared to be connected by small holes that
penetrated their thin walls. Dermatan sulfate had a smaller
effect, with at most a doubling in pore size seen for SE-DS.
Porosity was tolerant of variations in heparin concentration,
pointing to a titration with tropoelastin, beyond which the
GAG had little additional effect. We speculate that these GAG
effects were due to a combination of increased solution vis-
cosity™®*® and the reorganizing ability of GAGs to perturb
and promote tropoelastin assembly.>?

Changes in the swelling ratio of SE-GAG were consider-
ably less than those seen for SE hydrogels. This was spe-
cially seen for SE-Hep hydrogels, which changed little (22.4
* 1.2%) in the transition from 4°C to 37°C, in contrast to
SE hydrogels which contracted by 62.8 *= 4.8% that is they
contracted to almost one-third of their original size. This

TABLE I. Temperature Dependence of Buffer Retention by
Each Hydrogel (g PBS per g Hydrogel)

SE-Hep SE-DS SE
4°C 2.59 + 0.14 1.83 = 0.14 3.562 + 0.23
20°C 2.36 = 0.04 1.76 = 0.07 2.08 = 0.06
37°C 2.01 = 0.03 1.26 = 0.06 1.31 = 0.05
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TABLE IIl. Compressive Modulus and Percentage of Energy
Loss for Elastin Hydrogel Constructs

Compressive Modulus (kPa) Energy Loss (%)

SE 6.9 = 0.57 31.7 £ 2.2
SE-Hep 5.5 + 0.42 33.7 £ 13
SE-DS 6.2 = 1.68 41515

change of properties is likely to be due to contributions by
salt bridges that assist in constraining the structure of SE-
GAG hydrogels.” Control over temperature dependent swel-
ling could be quite beneficial for surgical applications given
their physical adaptability as the biomaterials are taken
from cold storage to body temperature. As temperature-de-
pendent responses in elastin-based hydrogels reflect exten-
sional flexibility in the protein chains, we infer that the tro-
poelastin polypeptides in these SE-GAG constructs are more
constrained than in synthetic elastin hydrogels. Cell penetra-
tion, survival and proliferation studies were conducted at
37°C and it would be interesting to conduct a detailed study
of the material under strain at 20°C and 37°C using a vari-
able strain bioreactor system. This study focused on energy
losses, not differences in the compression moduli of fabri-
cated hydrogels. There was a significant difference between
the energy losses of SE-DS and SE-Hep, and those of SE-DS

and SE. Energy loss is proportional to hysteresis and a
greater energy loss means a less elastic nature.! SE-DS dis-
played more hysteresis than SE-Hep and SE. The compres-
sion modulus of SE-Hep was slightly lower than SE-DS and
SE hydrogels confirming that SE-Hep was more porous than
the other two types of hydrogels. Comparable compression
elasticity was obtained for each of the hydrogels which con-
firmed that SE-GAG hydrogels retained the compression
properties of SE hydrogels. The energy loss of SE-Hep was
1.4 fold higher than that of purified native elastin reported
to be 23 = 10%.*

One of the most important functions of tissue engineer-
ing scaffolds is to provide a framework and initial support
for the cells to attach, proliferate, and penetrate.44 Scaffolds
used for dermal repair are inactive when the mean pore
size is either lower than 20 pum or higher than about
120 pm although these values can vary with scaffold type
and incubation conditions.** SE hydrogels have nonhomoge-
neous small pores, which collectively limit deep cell migra-
tion.?® Human dermal fibroblasts either spread only on the
SE hydrogel surface or grew slightly into the SE hydrogel
(<30 pum) after 14 days’ incubation.?® The transition to SE-
Hep was substantial because it increased pore size and pen-
etration to enable dermal fibroblast infiltration to ~300 pm
in two days. Additionally, the finely fenestrated, diaphanous

FIGURE 5. Histology images of hematoxylin and eosin stained sections of (A) SE-Hep hydrogels with fibroblast cells showing cells within the
scaffold, (B) magnification of a section of the previous panel; (C) SEM showing fibroblasts on SE-Hep; and (D) fibroblasts bridging and penetrat-
ing a pore. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6. (A) Histology image of hematoxylin and eosin stained section of SE-DS showing fibroblasts surface monolayer growth. (B) SEM
showing fibroblasts on the surface of SE-DS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

walls of these pores might have allowed for proteolytically
mediated cell migration.

CONCLUSION

In this study, GAGs were coblended into synthetic elastin
hydrogels to increase their porosity. Heparin was found to
have a substantial effect on hydrogel structure formation
with pore sizes increasing from 6.6 = 2.1 pm to 23.8 *=
8.5 um. These larger and deeper pores allowed human der-
mal fibroblasts to migrate further into the hydrogel. SE-Hep
had similar mechanical properties to, but displayed less swel-
ling than, SE hydrogels. These appropriate mechanical and bi-
ological properties indicate that SE-Hep is an improvement
over SE and that it can be contemplated as an elastic bioma-
terial for cell-interactive applications such as dermal repair.
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