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Abstract

One of the main goals in both tissue engineering and regenerative medicine is to design
innovative synthetic scaffolds that can simulate and control the communication
pathways between cells and the extracellular matrix (ECM). In this context, we describe
herein the characterization of protein polymer, a recombinant elastin-like recombinamer
(ELR) designed for developing tissue-engineered devices for use in vascular
regeneration. This ELR is composed of an elastin-like backbone that contains a
fibronectin domain, which provides specific, endothelial cell adhesion, and a protease

target domain directed towards specific proteases involved in ECM remodeling. We


mailto:cabello@bioforge.uva.es

also compare the specific response of endothelial and fibroblast cells to ELR scaffolds
and show that cell adhesion and spreading on this ELR is significantly higher for
endothelial cells than for fibroblasts. The reactivity of this polymer and its hydrogels to
specific enzymatic degradation is demonstrated in vitro. As with natural elastin,
enzymatic hydrolysis of the ELR produces elastin-derived peptides, or “matrikines”,

which, in turn, are potentially able to regulate important cell activities.
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1. Introduction

Tissue engineering is a therapeutic field which aims to replace and repair a damaged
tissue or organ for its functional recover [1]. To attain this purpose, many areas of
biomaterials science are currently focused on the search for new advanced materials that
can mimic the rich functionality of the proteins found in the natural extracellular matrix
(ECM) as a way of achieving a significant breakthrough in the performance provided by
the more conventional substrates used in tissue engineering [1-4]. In this sense, these
new artificial devices, when placed into a biological environment, should show superior
biocompatibility by integrating with the host tissue without eliciting a significant
immune response. Likewise, their degradation products should be innocuous, in the
sense of being nontoxic, and should not cause inflammation. Optimal physicochemical
properties, such as mechanical properties and their intrinsic smart nature, are crucial,
whereas other features such as shape, compartmentalization, and surface texture can all
improve their functionality still further. An ideal biomaterial should assume the correct
surface and internal topography, density, and porosity to create good artificial devices

[5, 6]. To mimic the ECM’s functionality and its inter-relationship with the cell, the



artificial scaffold must also integrate specific bioactivities that modulate cellular
signaling processes in the form of adhesion, migration, differentiation, and proliferation,
and provide guidance for new tissue formation or biodegradation [5]. Finally, a tissue
engineering scaffold should be biodegradable. Thus, after serving as a temporary
scaffold it should ideally degrade into nontoxic products so that second surgery is not
required to remove it [7]. Coordinated rates of scaffold degradation and new tissue

generation are therefore also essential elements [8].

One of the main strategies for discovering enhanced biomaterials for tissue engineering
is to build artificial materials from natural building blocks such as protein-based
polymers (PBP) [2]. Biomaterials composed of natural building blocks derived from
ECM proteins can offer an excellent opportunity to mimic the properties, intrinsically
included in their amino acid sequence, that nature has improved and refined during the
course of evolution [6]. Moreover, current advances in genetic engineering and
recombinant DNA techniques have afforded us the ability to create almost any DNA
duplex codifying any amino acid sequence at will, which means that we can assemble
tailored specific protein domains to obtain efficient protein materials [9]. In this sense,
PBPs and, more specifically, their recombinant versions, by the very nature of their
composition and the way they are produced, share the best properties of both biological
and artificial materials. Thus, they can be as complex and functional as natural proteins
but with a composition that is fully controlled and is the exclusive result of engineering

design.

Elastin-like polymers (ELPs) are some of the most attractive PBP candidates for

artificial ECM proteins. ELPs are based on repeat sequences, the so-called elastomeric



domains, found in an ECM protein, namely natural elastin [10, 11]. Furthermore, they
retain the latter’s mechanical properties, especially its ideal elasticity and outstanding
resistance to fatigue [12]. The term Elastin-Like Recombinamer (ELR) has been coined
in order to refer ELPs which are obtained by means of genetic engineering and
biotechnological methods [13]. These polymers also show unmatched characteristics in
terms of biocompatibility, and combine a strong tendency to self-assemble with an acute
smart behavior, depending on the polymeric architecture and environmental conditions
[10, 14]. Additionally, specific functionalities, such as cell-binding sequences that
modulate cell adhesion through integrins and others bioactive functions, can be included
in their structure by adding defined peptide domains derived from different ECM or
non-ECM proteins [15-17]. Very diverse synthetic materials have been effectively
functionalized with different cell-adhesion peptides, the most common of which is the
Arg-Gly-Asp (RGD) peptide sequence or larger sequences containing this tripeptide
[17-19]. RGD is a powerful and generic cell-binding domain which is recognized by
approximately half of all integrin heterodimers present in numerous cell types [20].
While this peptide is highly appropriate for achieving strong but unspecific cell
adhesion, other peptides can determine more specific cell-material interactions. The
Arg-Glu-Asp-Val (REDV) peptide sequence, for example, which is found within the
alternatively spliced CS5 fibronectin domain, is specifically recognized by the integrin
alB4 [21]. This integrin is present in a few cell lines, and only endothelial cells have
been found to show selective binding and retention in REDV-coated surfaces even

under flow conditions [22].

Selective adhesion and scaffold invasion of endothelial cells is one of the requirements

for integration of synthetic devices in the body, in the construction of artificial blood



vessels, or in the endothelization of intravascular devices [19, 23, 24]. Endothelial cell-
adhesion and -migration is fundamental in a number of physiological processes and in
the colonization of artificial devices [22] as the construction of new tissue or organs
requires endothelial cells to invade them to recreate a capillary network for tissue
survival. In other example, the formation of a continuous monolayer of endothelial cells
allows the thrombogenicity risk in vascular grafts to be minimized [19]. In the search
for functionalized, biocompatible, and bioactive surfaces, protein domains such as RGD
or REDV peptides were first included in the ELR structure in a complex and laborious
chemical synthesis by Urry and co-workers [25]. Our version of an ELR containing the
CS5 fibronectin domain also possesses another functional block derived from the
human elastin, in this case a recurring hexapeptide derived from the human elastin exon
24-encoded product, Val Gly Val Ala Pro Gly (VGVAPG). This sequence, which is a
target for specific proteolytic enzymes (elastases), was introduced to induce enzymatic
hydrolysis of the synthetic scaffold via the same physiological pathways as natural
elastin during ECM remodeling [26]. Furthermore, the VGVAPG matrikines released
upon hydrolysis of elastin by these elastases are bioactive peptides involved in cell
regulation, especially the modulation of proliferation, migration, or protease production
[27]. The fragments resulting from ECM hydrolysis possess chemotactic and mitogenic

activities for multiple cells [28].

The diverse bioactivities of an ELR containing both specific REDV cell-adhesion

domains and elastase targets (REDV-ELP) are characterized in this work.

2. Experimental Section

2.1 ELR Expression and Purification.



Standard molecular biology techniques were used to construct two ELR genes (ELR -
REDV and ELR -IK). Polymer production was carried out using cellular systems for
genetically engineered protein biosynthesis in Escherichia coli, while their purification
was performed with several cycles of temperature-dependent reversible precipitation, as
described elsewhere [13]. The purity and molecular weight of the proteins were verified

by SDS-PAGE gels, amino-acid analysis, and mass spectrometry (MALDI-TOF).

2.2 Hydrogel and film manufacture.

Two kind of ELR scaffolds were used in this work: films for in vitro cell tests and
cylindrical hydrogel disks for enzyme-degradation studies. In both cases, a cross-linking
reaction was carried out with hexamethylene diisocyanate (HMDI), a Lys-targeted
homobifunctional cross-linker, as described elsewhere [29]. HMDI and the solvents
acetone, dimethylformamide (DMF), and dimethyl sulfoxide (DMSQO) were purchased

from Sigma Aldrich.

ELR films were obtained by solvent casting and subsequent cross-linking. Briefly, 50
mg/mL of aqueous ELR (either REDV-ELR or IK-ELR) solution was deposited on
piranha-activated circular cover glasses (diameter: 12 mm; Thermo Scientific) and the
samples kept at 60 C for 8 h. The dry films were then cross-linked by immersion in a
10% HMDI/acetone solution overnight. Acetone was used because the ELR s are not
soluble in this solvent whereas the cross-linker is. After cross-linking, the film adhered
to the cover glass was washed thoroughly with Milli-Q water until complete removal of
the solvent and any remaining cross-linker. The films used were sterilized by UV

exposure overnight and stored in 70% ethanol. Before use, they were washed with



sterile Milli-Q water and PBS and placed in a 24-well cell-culture plate from Corning

Inc. Costar (Costar).

Hydrogel disks were prepared by dissolving the corresponding ELR s and HMDI in
20/80 (v/v) DMF/DMSO solution. The stoichiometric relationship between the HMDI
functional group and lysine was 1.25:1 equivalents. The final ELR concentration was 70
mg/mL. The solution was cast in polytetrafluoroethylene molds (diameter: 13.5 mm;
thickness: 2 mm) at room temperature, and the cross-linking reaction was stopped after
2 h. This solvent system was chosen because both the ELR s and the cross-linker are
soluble in it. The cross-linked hydrogels were exhaustively washed with Milli-Q water

to eliminate the solvents and any remaining cross-linker.

2.3 Cell Culture.

Human umbilical vein endothelial cells (HUVECs; cat. no. cc-2517) were grown in
endothelial growth medium which was replaced every two days (EGM; Clonetic, cat.
no. cc-3124), both were purchased from Lonza (Lonza Walker). Human foreskin
fibroblasts HFF-1 (SCRC-1041) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM cat. no. 30-2002) supplemented with 15% fetal bovine serum (FBS,
cat. no. 30-2021) purchased from American Type Culture Collection (ATCC, USA) and
penicillin 10* U/ml-streptomycin 10 mg/ml (Sigma Aldrich cat. no. P4333). Cells were

incubated at 37 C in a 5% CO- humidified environmental chamber.

Trypan Blue stain 0.4% (Sigma Aldrich, cat. no. T6146), PBS (cat. no. 17-516F),
HEPES (cat. no. CC-5024), trypsin-versene EDTA (cat. no. 17-161E), DAPI (cat. no.

PA-3013), and Phalloidin-Alexa Fluor488 Conjugate (cat. no. PA-3010) were



purchased from Lonza. The remaining consumables for cell culture were obtained from

Corning Inc. Costar.

2.4 Cell-Adhesion Assay.

Near confluence cells (passages 2-7) were harvested mechanically with a cell scraper
and subsequently enzymatically processed in a short trypsin-EDTA treatment. They
were then washed and resuspended in serum-free culture medium (EBM Clonetics cat.
no. cc-3121 for HUVECs and DMEM for fibroblasts), and seeded at 10,000 cells/cm?
on the sterilized ELR films described above deposited in a 24-well plate. Before
seeding, cell counts were evaluated using a standard Trypan Blue exclusion assay.
Sixteen hours after cell seeding, the films were washed with PBS to remove nonadhered

cells and then fixed.

Fibronectin (20 png/ml; cat. no. F0895 Sigma Aldrich) and 0.5% bovine serum albumin
(cat. no. A1933 Sigma Aldrich) in PBS (positive- and negative-binding controls,
respectively) were deposited on circular cover glasses in 24-well cell plates and coated
for 16 h at 4 °C. The plates were washed three times with PBS 0.05%/Tween-20 and

then blocked for 1 h in 1% BSA at 37 °C.

Samples for phase-contrast, epifluorescence, or differential interference contrast (DIC)
microscopy (Nomarski) were fixed in 4% paraformaldehyde for 10 min, permeabilized
with 0.2% Triton X-100, and stained with the fluorescent dyes Phalloidin-Alexa

Fluor488R or DAPI, as indicated in the text.



Each ELR -type film was tested in triplicate and images from nine randomly selected
fields were taken. The cells were counted manually using a Nikon Eclipse Ti inverted
microscope (Nikon Instruments/Europe) at a magnification of 10-20-40X. Each assay
was repeated three times. The cell number and dimensions were determined using the
NIS Elements BR program (version 3.05) and a monochrome camera (model DS-

2MBWL).

Films seeded with cells for SEM analysis were fixed in Palay fixative (1%
gluteraldehyde and paraformaldehyde in 0.1 N calcium chloride solution) at pH 7.4 for
2 h at room temperature. Samples were progressively dehydrated in ethanol solutions
(15%, 30%, 50%, 70%, 90%, and three times 100%) for 20 min each and 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.

2.5 Enzymatic digestion of ELR s and hydrogels.
The biodegradability of ELR s and their matrices was investigated using two different
proteolytic enzymes: human leukocyte elastase | (EC 3.4.21.37) and pancreatic elastase

| (EC 3.4.21.36), both of which were purchased from Sigma Aldrich.

Thus, 250 ng of ELR was incubated with 0.06 units of human leukocyte elastase | at 37
°C in 500 pL of 50 mM sodium phosphate buffer (pH 6). Aliquots were removed at
regular intervals and mixed with three volumes of SDS-PAGE loading buffer and
frozen. The time course of enzymatic degradations was analyzed in glycine SDS-PAGE

and tricine SDS-PAGE gels, both of which were copper-stained.



ELR -derived hydrogels (14 pug of ELR per hydrogel) were incubated with one unit of
pancreatic elastase | in 400 pL of 100 mM Tris buffer (pH 8) at 37 °C. The hydrogel

degradation rate was assessed by determining the weight loss at set times.

2.6 Statistical analysis.

One-way analysis of variance (ANOVA) was used to evaluate the data with post hoc
differences between groups using Bonferroni’s corrected t-test with GraphPad Prism
4.0. A p-value of less than 0.05 was considered to be statistically significant (indicated
in figures with asterisks [*]: * P < 0.05; ** P < 0.01; *** P < 0.001). Error bars

represent the standard error of the mean. Each experiment was repeated three times.

3. Results and Discussion

3.1 Design and Synthesis of ELRs

The structure of the ECM is an exquisite example of how functionality can arise from
the complex and well-defined primary sequences of its macromolecular constituents. In
this work we employed ELR s that mimic some characteristics of the natural protein

components of the ECM.

REDV-ELR is an 877 amino-acid complex polymer whose complete sequence is:
MESLLP[(VPGIG)2(VPGKG)(VPGIG),EEIQIGHIPREDVDYHLYP(VPGIG),(VPGK
G)(VPGIG)2(VGVAPG)3]10V. Each monomer contains four different building-blocks.
The first one is the elastomeric pentapeptide (VPGIG), which gives the desired
mechanical and biocompatibility behavior. The second building block is a variation of

the first with a lysine substituting the isoleucine so that the lysine’s free y-amino group



can be used for cross-linking. The third domain is the CS5 domain of natural
fibronectin, which contains the well-known REDV, a cell-selective adhesion peptide
which is specifically recognized by the integrin o134 [30]. This integrin is found in a
few cell lines and, overall, is preferentially expressed in endothelial cells [22]. Finally,
the fourth block in the monomer contains the human elastin hexapeptide VGVAPG
sequence. This hexapeptide is a target for the elastases that rearrange and renovate the
extracellular matrix. It was introduced as a way of driving the polymer’s bio-
processability and its reabsorption and to play a further role in tissue repair. This
hexapeptide is the receptor binding site on the molecule [28] and, when released upon
partial hydrolysis of elastin, is able to regulate cell activities and to stimulate the matrix

metalloproteinases MMP-2 and MMP-1 [31, 32].

The control ELR (IK-ELR) is exclusively composed of the structural elements of the
former, i.e. the pentapeptides VPGIG and VPGKG, with the same arrangement; its
complete sequence is MESLLP[(VPGIG)2(VPGKG)(VPGIG).]24V. This polymer was
designed as a negative control in the cell-culture experiments and elastase assays. I1K-
ELP lacks bioactive domains but shows all the mechanical and cross-linking properties
of its related REDV-ELR. The two ELR s were bioproduced in Escherichia coli and
purified by several cycles of temperature-driven reversible precipitations. The SDS-
PAGE, amino acid composition analysis, and MALDI-TOF spectra showed that the two
ELR s were pure and that their composition and molecular mass matched the expected

results (data not shown).

3.2 Characterization of ELR scaffolds.



ELR scaffolds were produced in order to see whether the ELR s showed the desired
effect on cell culture, in accordance with their sequence design. The approach of
developing polymer scaffolds in the form of consistent films by chemical cross-linking
of solvent-cast materials is a simpler method of creating appropriate scaffolds. This kind
of support facilitates the visualization and analysis of cell cultures whilst preserving all
their functional and structural properties. The macroscopic characteristics of ELR -
based hydrogels and films were found to be similar as we obtained solid, consistent,
transparent, insoluble swell scaffolds in all cases. The films’ microscopic structure
showed a relatively flat surface interrupted where the pellicle folds itself and is raised
up to form ribbon-like structures (Fig. 1, Fig. 2 E, F, G and H, Fig. 3), and the SEM
analysis showed a similar microporous spacing (Fig. 1). The cross-sectional view (Fig.

1 A) shows a compact polymer layer with a thickness of 5-6 um totally covering the

glass substrate.

Figure 1. SEM images of REDV-ELP cross-linked films used in cellular “in vitro”

studies: cross-sectional (A) and surface (B) views.

3.3 Cell adhesion of HUVEC to ELR films.



With the aim of evaluating the response of cells when deposited on ELR scaffolds with
different bioactivities, in vitro studies of their adhesion and morphology were
performed using both HUVEC endothelial and HFF1 fibroblast cells. The complete
adhesion of endothelial cells was achieved upon extending the incubation time for a
further 16 hours [10]. We used basal medium (EBM) for the first six hours to avoid
interference from serum compounds and complements in the specific adhesion
mechanism , then replaced this with complete EGM medium to avoid any damage to the
physiological cell process and thus allow a longer incubation time. Finally, the cells
were fixed and stained to show their inner cellular structure, cytoskeleton, and nuclei.
HUVEC cells cultured on REDV-ELP scaffolds showed a well-spread morphology with
large extensions and numerous pseudopodia, and their cytoskeleton actin filaments
(green stained) were well organized in stress fibers, thereby indicating a strong adhesion
(Fig. 2 A, C and E). Previous studies have shown that the forces associated with
maximal adhesion and spreading appear to be localized at the tips of the pseudopodia
and that an increase in adhesion traction force results in an increase in cell area [33]. In
our case, the irregular shape of the surface (Fig. 2 E) does not affect the active spread of
the cells but also appears to induce the formation of focal adhesions on the

promontories.

In contrast, the cell number and morphology of HUVECs seeded on IK-ELP, the
negative control scaffold that lacks bioactive sequences, were clearly different to those
observed with the REDV-ELP scaffold (Fig. 2 B and D). Thus, only a few rounded cells
were found with no obvious focal attachments to the surface (Fig. 2 F). In addition,
these cells showed a smaller area with minor or inexistent lamellipodial extensions,

thereby suggesting that minor passive adhesion is the main cell-scaffold interaction.



Figure 2. Representative microscopy images of HUVECs seeded on ELR films after 16
hours of incubation. A and B (10x), C and D (20x): Phalloidin Alexa Fluor488 and
DAPI staining. E and F: Phalloidin Alexa Fluor488 and DAPI staining with Nomarski
images (40x). G and H: Scanning electron micrographs. A, E, C and G: cells seeded on

REDV-ELP films. B, D, F and H: cells seeded on IK-ELP films.



Similar results were found in the SEM analysis. The flattened HUVEC cells, which
possess an almost two-dimensional structure, were almost indistinguishable from the
REDV-ELP substrate (Fig. 2 G) and were significantly larger than those seeded on IK-

ELP scaffolds, where the globular cell showed adhesion without spreading (Fig. 2 H).

3.4 Cell adhesion of fibroblasts to ELR films.

To test the specificity of these REDV-containing scaffolds towards endothelial cells, a
new set of in vitro tests was performed using fibroblasts. In general, fibroblasts have
been reported to be one of the most adherent cell types for a wide range of surfaces,
irrespective of their hydrophobicity/hydrophilicity and the existence of cell-adhesion
domains on their surface [34]. A comparison with the adhesion of HUVECS to the two
scaffolds used herein could therefore be considered a test of the actual capacity of the
REDV-ELP to promote the selective adhesion of endothelial cells. In this case, the
morphology of the fibroblasts seeded on REDV-ELP and IK-ELP is quite similar (Fig.
3 A, B, C and D). A large number of total cells adhere to both films but show a
nonspread globular shape completely different from fibroblasts seeded on fibronectin
(Fig. 3 E) or polystyrene (data not shown), two standard cell supports in which
fibroblasts have shown excellent adhesion capabilities. The fibroblast morphology on
ELR films was similar to that of cells seeded on BSA (Fig. 3 F) or polyethylene glycol
(data not shown) layers, both of which are well-known for their anti-fouling properties

[35].
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Figure 3. Microscopy images of HFF 1 fibroblasts seeded on ELR films after 16 hours
of incubation. A and B: Phalloidin Alexa Fluor488 and DAPI staining with Nomarski
images (40x). C and D: Scanning electron micrographs; E and F: Phalloidin Alexa
Fluor488 and DAPI staining (40x). A and C: cells seeded on REDV-ELP films. C and
D: cells seeded on IK-ELP films; E and F: cells seeded on fibronectin and BSA,

respectively. Scale bars: 20 um.



A qualitative comparison of endothelial cell adhesion on ELR films with different
bioactivities revealed that cells spread better and their area increases in the presence of

the adhesion domain.

3.5 Cell spreading on ELR films.

Quantitative experiments confirmed the previous qualitative results. Thus, the
interaction between the cells and ELR surfaces was analyzed by cell number
quantification of the two cell types. Cell spreading was determined by mean cell area
measurements (Fig. 4). HUVEC adhesion to the different ELR scaffolds was found to
be dependent on the REDV peptide presence, with the total number of cells on the
REDV-ELP being around threefold higher than the total number of cells found on the
control sequence (IK-ELP). The high statistical significance of this result confirms the
specific effect of this adhesion peptide on HUVEC. This positive effect was not
apparent, however, when seeding fibroblasts: these cells showed a significant reduction
in the number of cells adhered to REDV-ELP in comparison to IK-ELP. In addition, the
difference between the numbers of HUVEC and HFF1 cells indicates that this material
clearly benefits the adhesion of endothelial cells over fibroblasts, thus pointing to an
important role of the REDV sequence in their discrimination. In general, both ELR
scaffolds seeded with fibroblasts showed lower cell numbers than with HUVEC on
REDV-ELP, thus showing that this kind of surface does not stimulate fibroblast
colonization. Despite the presence of the bioactive sequence, REDV-ELP does not
determine a positive interaction, either specific or nonspecific, with the films. On the
contrary, we found a significantly lower number of fibroblasts on REDV-ELP films

than on IK-ELP ones (see Fig. 4).



Previous studies have shown that hydrophobic surfaces can enhance passive or
nonspecific adhesion due to the more efficient exposure of the hydrophilic bioactive
domains of fibronectin or serum proteins [34]. According to the results described
herein, and despite the relatively hydrophobic composition of the polymers used,
however, this effect does not appear to be significant in our systems. This selective
antifouling property will be tested in future studies with other cell types to determine its
potential non-thrombogenicity in light of increasing interest in the use of this

biomaterial for vascular grafts and other applications.
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Figure 4 : Comparison of endothelial HUVEC (Hv) and fibroblast HFF1 (Hf) adhesion
and morphology on bioactive REDV-ELP (RE) and negative control IK-ELP (IK) after
16 hours of seeding. Panel A: samples are represented as the average cell number
normalized with respect to field area. Panel B: representation of average cell areas.
Error bars represent the standard error of the mean. Statistical differences were

considered significant at p < 0.05.

The studies on cell area show a clear difference between the growth of endothelial cells
on ELR s (Fig. 4 B). Thus, HUVECs seeded on REDV-ELP films present a threefold
larger mean area than on IK-ELP films, thereby showing that the cells adhere and

spread specifically in the presence of the REDV sequence. In contrast, fibroblasts did



not expand over either of the ELR surfaces, thus confirming their anti-adherent
properties for this cell type. These results clearly differ from the positive control results

found for HFF1 cells seeded on tissue culture polystyrene (2500 um?) and fibronectin

(2600 pm?).

3.6 Enzymatic degradation of ELRs.

To test the biodegradability of the REDV- ELR scaffold via natural ECM remodeling
routes, a matrix protease-sensitive assay was performed on both soluble polymer and
polymer-derived hydrogels using two different serine protease elastase enzymes (EC
3.4.21.36 and 3.4.21.37). REDV-ELP biopolymer biodegradation was tested with
human leukocite elastase I, which has already been shown to recognizes the target
sequence and digest the peptide bound to the major (Val-Ala) and minor (Gly-Val)

cleavage sites in the hexapeptide Val-Gly-Val-Ala-Pro-Gly [26].

When the noncross-linked ELRs were incubated under optimal enzymatic conditions,
the elastases quickly and exhaustively digested the REDV biopolymer. Digestion was
already obvious after the first minute (lane 1), and after 40 minutes no intermediate
digestion products were visible (Fig. 5A, lane 40), although neither were the total
digestion products, which may be contained in the SDS gel front. IK-ELP was used as
the control since this polymer does not have the VGVAPG hexapeptide. No significant
specific or nonspecific degradation of IK-ELP was observed, even after extension of the
digestion time up to 19 hours (Fig. 5A, lanes 0 and 1140). Tricine SDS-PAGE?®* was
used to further separate and analyze the products resulting from the complete digestion
of REDV-ELP. This electrophoresis technique allows minor bands corresponding to

peptides with a molecular weight lower than 9000 Da to be resolved. A theoretical study



of elastase activity on REDV-ELP predicted the production of numerous proteolytic
peptides (more than sixty). The size of the final products in a complete digestion was
predicted to range from 200 to 9000 Da, with the majority of fragments being found
around 7000-7500 Da. The bands for ELR proteolytic fragments resulting from a
complete enzymatic hydrolysis, as resolved by SDS-PAGE, showed a molecular weight
corresponding to that of the theoretical fragments produced by specific elastase

proteolysis (Fig. 5 B).
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Figure 5. SDS-PAGE analysis of the ELR proteolysis of recombinant biopolymers
showing the digested fragments obtained at different incubation times (in minutes) at 37
°C. Panel A: Glycine SDS-PAGE (12%) showing the lanes for REDV- ELR (samples
from 1 minute to 3 hours) and IK- ELR (negative control; 0 and 19 hours). Panel B:
Tricine SDS-PAGE (16%) separation of partial lane 10 and total digestion fragments of

REDV- ELR lane 180. The numbers above the lanes refer to the incubation times in



minutes. The position and size (kDa) of molecular weight protein markers are indicated

with numbers at the side of the images, whereas the arrow indicates the SDS gel front.

3.7 Enzymatic degradation of the bioactive scaffolds.

Pancreatic elastase | was used for hydrogel degradation studies. Both enzymes are
serine proteases with analogous substrate specificities and similar tertiary structures,
especially in their active-site regions [36], although the latter is more stable than the
human leukocyte elastase used above, which facilitates the study of matrix enzymatic
digestion over longer periods of time. Similar results were found for the enzymatic
hydrolysis of REDV- ELR -derived hydrogels and the proteolysis of noncross-linked
ELRs (result not shown). The enzyme-sensitivity of the ELR biopolymers and their
resulting scaffolds was found to be strictly correlated with the presence of the specific
elastase target sequences. Thus, enzymatic proteolysis caused a rapid weight loss of the
hydrogels in the presence of one unit of elastase for the REDV- ELR -derived scaffolds,
with the hydrogels having disappeared completely after 7 hours of incubation at 37 °C
(see Fig. 6). No enzymatic activity was detectable for hydrogels made from the control
IK- ELR. These control hydrogels did not degrade and their weight remained constant

during the whole experiment (248 h; Fig. 5).

The presence of the repeated minor cleavage site (Gly-Val) in the backbone of both
ELR s appears to have no influence on elastase activity; in fact, no observable effects of
proteolysis or poorly efficient degradations were observed with either the biopolymer or
the control matrices. The chemical modifications introduced upon cross-linking did not
alter the elastase sensitivity of the ELR s, and only the expected dependence of the

degradation Kinetics on the degree of cross-linking was observed, with a slower



degradation rate being found for higher degrees of cross-linking (result not shown). This

effect is likely governed by the diffusion rate of elastase into the hydrogel network.
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Figure 6. Enzymatic digestion of the ELR hydrogels was assessed by measuring the
weight loss upon proteolysis. Panel A: Degradation kinetics of ELR hydrogels with
(REDV- ELR) or without (IK- ELR) the elastase target sequence. Data represent the
mean weight of normalized hydrogels as a percentage of total weight at time 0. Panel B:

Macroscopic observation of enzymatic erosion of cross-linked ELR hydrogels.

4. Conclusions

We have studied the biofunctionality of ELR -based multifunctional biomaterials which
have been designed to show improved endothelial cell adhesion and function. The
REDV- ELR material is formed from ECM structural protein domains that confer the
expected and well-studied elastic and biocompatible properties along with endothelial
cell adhesion and bioprocessability upon specific enzymatic digestion. A comparison of
the cell behavior between controls and REDV- ELR films has shown that our REDV

material promotes specific cell attachment via integrin receptors, specifically a4fa,



expressed in endothelial cells. In fact, HUVEC cultures showed highly significant
differences in terms of cell number, adhesion, spreading, and morphology depending on
the ELR scaffolds used. The culture of fibroblasts on ELR films has shown that REDV-
ELR is a selective scaffold which does not promote HFF1 adhesion and that the
morphology of HFF1 cells is similar on REDV- ELR and IK- ELR control scaffolds,
despite the latter having no bioactivity, but completely different to that found for

fibronectin on cell-culture grade polystyrene.

The insertion of a protease recognition site for human elastases has allowed us to
achieve complete degradation of the biopolymer in the same way as natural elastin
during the ECM rearrangement. These findings were the same for both melt noncross-
linked REDV-ELP and its cross-linked hydrogels, and, in both cases, were protease
target domain dependent. The chemical modifications introduced upon cross-linking do
not alter the elastase sensitivity of rELPs significantly. Partial degradation of the
REDV-ELP materials generates fragments whose sequences are identical to the protein
fragments comprising the ECM. Some of these degradation products of natural or
REDV-ELP scaffolds could be implicated in natural cell-matrix communication
channels, cell regulation, and in the modulation of tissue remodeling. The erosion or
complete degradation of the scaffold determines the exclusive release of small peptides

and amino acids.

REDV-ELP scaffolds have therefore demonstrated their ability to undergo enzymatic
remodeling, whereas most other synthetic scaffolds degrade by simple, non-cell-assisted
hydrolysis. This cell-mediated process proceeds with a complex physiological control

that is not possible in purely hydrolytic systems, therefore the inclusion of this kind of



bioactive motif in the rELP allows the creation of more complex and sophisticated
tissue-engineering systems with specific cell-adhesion bioactivity and target sequences

for enzymes involved in the native tissue-remodeling process.
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