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Abstract

In this contribution we describe the preparation and characterization of a series of cross-
linked films based on the combination of an elastin-derived biomimetic polypeptide (Human
Elastin-Like Polypeptide, HELP) with alginate (ALG) to obtain a composite with enhanced
properties. ALG/HELP composite films loaded with the hydrophobic natural antioxidant
curcumin were prepared by solvent casting method followed by the cross-linking with
calcium chloride. The compatibility between the two components as well as the final
properties was evaluated. The micro-morphological study of films showed a homogeneous
structure, but the film tensile strength decrease with HELP content and elongation at break
was adversely affected by biopolymer addition. Spectroscopic and thermal analyses
confirmed an interaction between ALG and HELP which also causes a modification in
swelling kinetics and faster degradation. Moreover, the study of curcumin release showed a
controlled delivery up to 10 days with a faster release rate in the presence of HELP. Human
Dermal Fibroblasts (hDF) were used to test the in vitro cytocompatibility. The antioxidant

activity correlated to the increase ofHELP content suggested the applicability of these
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composites to develop smart biomaterials. Overall, these features indicated how this
composite material has considerable potential as customizable platforms for various

biomedical applications.
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1. Introduction

Natural polymers derived from microbial, plant, or animal sources have been extensively
investigated for applications in regenerative medicine as they possess some structural
similarities with the natural supporting structures of the body, such as connective tissues
and extracellular matrix (ECM). They are non-toxic, biocompatible and particularly versatile
and adaptable to technological needs, due to the presence of different functional groups in
their structure. A large number of studies have been carried out to investigate the potential
applications of natural polymers in regenerative medicine, exploring the relationship
between the polymer nature, its physical form (such as hydrogels, microspheres,
microcapsules, sponges, foams, and fibers) [1,2]. An efficient way to tune the biopolymer-
based biomaterial properties, towards a wide range of biomedical applications, is their
combination with other components (organic or inorganic) to prepare a new range of
composites with unique properties. This approach allows the development of materials with
specific features in terms of biodegradability, mechanical strength, gelation property and cell
compatibility, possessing properties that are different from those of the original components.
Moreover, composite materials allow a flexible design, since their structure and properties
can be optimized and tailored to specific applications [3]. Alginate (ALG) represents a whole
family of linear copolymers composed of both (1,4)-linked B-d-mannuronate (M) and a-I-
guluronate (G) residues in different proportions, mainly depending on the source. Physical
properties and molecular weight of ALG strictly depend on the sequence ofMand G units,
aswell as the cross-linkingwhich occurs by the co-operative binding of divalent cations and
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the G-block regions of the copolymer. To take advantage of the biocompatibility and
biodegradability under physiological conditions, ALG is often used in combination with other
materials, such as synthetic and natural polymers (Poly Lactic-co-Glycolic Acid (PLGA),
Polyethylene Glycol (PEG), and chitosan), proteins (collagen and gelatin), ceramic
materials, and bioactive glass to prepare new supports for tissue engineering [4—7]. Each of
the reported composite material has its peculiar properties, however, the combination
between ALG and proteins represents a promising strategy to enhance the cellular
interaction of alginate and to tailor the biodegradability of the final materials for tissue
regeneration [8]. Elastin is one of the most abundant proteins in the native ECM [9]. The
high content of hydrophobic amino acids makes elastin one of the most chemically resistant
and durable proteins in the entire body [9]. In nature, elastin has a fundamental role in the
extracellular matrix as it confers rubber-like elasticity to the tissues, allowing them to sustain
indefinite cycles of deformation/relaxation without rupture [10]. For this reason, elastin
represents an attractive component for composite fabrication as itmay provide elastic recoil
to stiffermaterials.Moreover, elastin interacts with cells via a large number of cell surface
receptors, enhancing skin fibroblast, vascular smoothmuscle cells and endothelial cells
proliferation [11,12] and having a biological effect on acceleration and enhancement of skin
wound repair [13]. Unfortunately, the hydrophobic nature of elastin and its extensive cross-
linked structure makes it difficult to be processed into biomaterials [14]. Hence, soluble and
recombinant forms of elastin such as tropoelastin, alpha-elastin, and synthetic elastin-like
polypeptides (ELPs) have been used to prepare composites scaffolds [15]. Human Elastin-
Like Polypeptides (HELPs) are a class of bio-inspired polypeptides developed as an
alternative to the elastin of animal origin. HELPs are artificial, genetically encodable
biopolymers based on the hexapeptidic VAPGVG repeatedmotif [16] that have proven to be
excellent components for drug delivery and tissue engineering applications due to their good
cyto- and bio-compatibility, their ease of handling, design, production, and modification [17].
Furthermore, thanks to the presence of glutamine and lysine residues in their primary
structure, HELP can be cross-linked under the action of transglutaminase (TG) to form
stable hydrogels without the use of harsh chemicals like glutaraldehyde or analogous cross-
linking agents [18]. In previous works, we have synthesized and tested a series of HELPs
with different structures and properties as adhesion substrates for muscle cells [19,20],
model systems for elastolytic activity detection [21], and drug delivery devices [17,22].
However, the potential of HELPs as a component of composite biomaterials has not been
fully explored yet. Recently, a composite material based on the deposition of HELP on
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electrospun poly-L-lactic acid fibers (PLLA-HELP) was developed by our group
demonstrating the suitability of this protein to prepare readily customizable biomaterials with
specific functionality [23]. Here, we decided to assess the combination of HELP with a
natural polymer (ALG) to obtain a composite with enhanced chemical-physical properties.
Therefore, the aim of this work was to investigate the interactions between the two
components and to evaluate the potential of the obtained composite to realize customizable
platforms for drug delivery of multifunctional agents. A series of ALG-based polymeric films
with different concentration of HELP were prepared and loaded with the model compound
curcumin. As far as we know, this is the first study reporting the preparation of a biomaterial
based on ALG and HELP for the delivery of a natural product.

2. Experimental

2.1. Materials

Sodiumalginate (Ph.Eur. grade, MW180-300 kDa, Lot. 9C260/DOC) was purchased from
Carlo Erba reagents (Milano, Italy). Yeast extract, tryptone, NaCl and antibiotics for E. coli
growth were from Duchefa Biochemie. For cell culture, Dulbecco's modified eagle medium
(DMEM) was purchased from Lonza Group (Basel, Switzerland), fetal bovine serum (FBS),
penicillin/streptomycin solution and trypsin/ EDTA solution were from Aurogene (Rome,
Italy), and Resazurin sodium salt was from Alfa Aesar (Ward Hill, MA, USA). Curcumin, 2,
2- diphenil-1-picrylhydrazyl (DPPH) and all the other products and chemicals used during
the experiments were obtained from Sigma Aldrich (St. Louis, USA) and were of reagent
grade with the highest purity available. Deionized ultra-filtered water was used throughout
this study.

2.2. Production of HELP polypeptide

HELP recombinant biopolymer was prepared as previously reported [21]. The recombinant
product was expressed in a C3037 E. coli strain (New England Biolabs, Ipswich,MA) and
then subjected to an extraction and purification procedure exploiting its inverse phase
transition properties. Briefly, the pellet obtained from 1.2 | of IPTG-induced bacterial culture
was re-suspended in 400 ml of extraction buffer (50 mM Tris/ HCI pH = 8, 250 mM NaCl,
0,1 mM EDTA, 0,1% Triton X-100, 1 mM PMSF) and disrupted using a high-pressure
homogenizer (Panda NS1001L, GEA Niro Soavi, Germany). To eliminate the solid bacterial
residues, the recovered suspension was added with 20 mM 2- mercaptoethanol, cooled on
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ice, and finally centrifuged at 10000 rpm, for 30min at 8 °C (Beckman—Coulter, J-26 XP).
The separation of the recombinant biopolymers of interest from the supernatant was
obtained using a series of temperature-dependent transition cycles. Aggregated HELP
polypeptide particles were obtained adding NaCl to a final concentration of 0.5 M at 37 °C
and separated by centrifugation at 10000 rpm, 37 °C for 30 min. The pellet was re-dissolved
in cold water and all the non-soluble material was discarded by cold centrifugation (10,000
rpom, 8 °C for 10 min). The temperature of the resulting solution was raised to 37 °C and the
protein was precipitated again by NaCl addition. Three of these cycles were sufficient to
obtain the pure recombinant protein. The polypeptide was frozen overnight at -80 °C, and
then lyophilized at 0.01 atm and -60 °C in a Modulyo apparatus (Edwards, Crawley, UK) for
long-termstorage. The HELP recombinant polypeptide obtained was analyzed by sodium
dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Preparation of alginate/HELP composite film

The ALG/HELP composite films were prepared by solvent casting method. The entire
preparation procedure is summarized in Fig. 1. Alginate (1% w/v) was dissolved in ultrapure
water together with HELP at two different concentrations (0.125 and 0.25% w/v) and glycerol
(2:1 w/w alginate/glycerol). The mixture was kept under magnetic stirring at 4 °C, for at least
6 h. A solution of curcumin in acetone (20 mg/ml) was added to the resultant ALG/HELP gel
to obtain a final concentration of 0,1% w/v. The curcumin-loaded ALG/HELP gel was gently
mixed under magnetic stirring, at 4 °C for 30 min. 4 ml of this dispersion was then poured
into Petri dishes with a diameter of 35 mm and left overnight in an oven at 37 °C, to favor
solvent evaporation. Three different films, named ALCur 1 (no HELP) HALCur 1 (0.125%
w/v HELP) and HALCur 2 (0.25% w/v HELP) all loaded with the same amount of curcumin
were prepared to test the effect of the presence of HELP on the properties of the composites.
Moreover, an ALG alone film without curcumin (Ca-ALG) was prepared as described above
as control for FTIR and thermal analysis. All the dried films were crosslinked by immersion
in a solution of calcium chloride 5% (w/v) for 15 min. After crosslinking, the samples were
washed with abundant ultrapure water several times and further dried in the oven to obtain
the final films. After preparation, all the films were visually examined to identify any physical
defects.

2.4. Scanning electron microscopy (SEM)
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The morphology of film surfaces was evaluated, by using a scanning electron microscope
(Philips 501, Holland). Films were freeze-dried for 24 h with an Alpha 2—4 LCS Plus freeze
dryer (Martin Christ, Osterode am Harz, Germany) and the anhydrous hydrogels were then
coated with gold (thickness 60 nm).

2.5. Mechanical characterization

Mechanical properties of ALCur, HALCur 1 and HALCur 2 were evaluated by using a traction
dynamometer (Acquati AG MC1, Italy). Before the traction test, the films were accurately cut
in rectangles with a predetermined size of 25 A~ 16mm. Each sample was tested in triplicate.
The traction tests were performed by setting the following parameters: pre-fixed distance
between clips, £14.5 mm; traction speed, 25 mm/ min- (longitudinal), 5 daN top head.
Applied Force and movement (sample stretching and elongation) were recorded and
digitalized by PowerLab® 4/35 and by LabChart® Pro software, respectively. Strength and
elongation were continuously registered till sample breakage. Before the traction tests, width
and length of specimens were measured by a caliper while their thicknesses were measured
by a digital micrometer (Mitutoyo Corporation, Japan). These values were used to obtain
the cross-section area, a necessary value required for the calculation of applied stress after
dynamometric measurements (stress o = applied Force/cross section Area). Finally,
stress/strain curves were drawn; only linear portion of tendencies (elastic behavior portion)
was taken into consideration and their slope, corresponding to the elastic modulus,
calculated.

2.6. Attenuated total reflectance Fourier transform infra-red (ATR FT-

IR) analysis

FTIR spectra were obtained in the attenuated total reflection mode (ATR), using a Perkin-
Elmer spectrometer (Norwalk, CT, USA) equipped with universal-ATR accessory, fitted with
a diamond optical element and ZnSe focusing elements. The apparatus operates with a
single reflection at an incident angle of 45°. The analysis was carried out on Films at room
temperature and ambient humidity. For each spectrum, 32 scans were acquired between
4000 and 650 cm-with a spectral resolution of 2 cm-..

2.7. Differential scanning calorimetry (DSC) and Thermogravimetric
analysis (TGA)
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Thermal properties of films were investigated by using a TA DSCQ2000 differential scanning
calorimeter, equipped with a TA Instruments DSC cooling system. Dry nitrogen gas with a
flow rate of 20 ml/min was purged thorough the cell during the measurements and the
thermal treatments. Samples of approximatively 5 mg were heated from 20 to 200 °C and
kept at this temperature for 2 min, then cooled from 200 to 25 °C, kept at this temperature
for 2 min and re-heated from 25 to 200 °C. Heating/cooling rate was fixed to 20 °C/min in all
the experiments. To determine the glass transition temperature of alginate the following
thermal procedure was applied: samples were heated from 20 to 130 °C at 20 °C/min, kept
at this temperature for 1 h, cooled to 20 °C, and re-heated to 200 °C at 20 °C/min. The
thermogravimetric analysis (TGA) analysis has been widely used to study the thermal
stability and thermal decomposition of polymers with increasing temperature. The TGA was
carried out using a Perkin-Elmer Pyris Diamond TG-DTA apparatus in a nitrogen
atmosphere to prevent thermal oxidation. Samples of about 5 mg were heated from 20 to
600 °C at 10 °C/min with a nominal gas flow of 30 ml/min.

2.8. Swelling study

The swelling degree was monitored by measuring water uptake as a function of time. The
initial weight of each sample was accurately recorded using an analytical scale, and then
they were placed in 5 ml of water in a thermostatic bath at 37 °C. Samples were taken out,
excess water was carefully removed using tissue paper, and after being weighed were re-
immersed in water. The sample weight was recorded at intervals of 15min up to 1 h and
then after 2, 4, 6 and 24 h (until equilibrium was established). Water was replaced after
every weight measurement. The percentage swelling ratio (SR%) at each time point was
calculated using Eq. (1):

Where Wis the mass of the swollen sample andW,is themass of the initial dry sample.
Assuming that the network swells uniformly in all directions, the equilibrium water content

(EWC) can be defined as the ratio between the weight of the swollen sample after 24 h in
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water and its initial weight. The equilibrium water content (EWC) percent was calculated by
Eq. (2):

where W.is the mass of the swollen sample at equilibrium and Wsis the mass of the dry

sample at equilibrium.

2.9. Film stability

The stability of ALCur, HALCur 1 and HALCur 2 films was evaluated by placing them in
phosphate buffer saline (PBS, NaCl 120 mM, KCI 2.7 mM, Na.HPO. 10 mM) at pH 7.4, and
monitoring weight change with time. Weighed samples were soaked in PBS at 37 °C up to
14 days. At predetermined time intervals (0.5, 1, 6 and 14 days), films (n = 4) were removed
from phosphate buffer, gently washed with ultrapure water to eliminate any soluble residue,
and dried overnightin an oven at 37 °C. The weight loss (%) was calculated as the difference
between the initial dry weight of the films (W) and the dry weight after incubation (W.)
according the Eq. (3).

Weight loss (%) = WT X
0

2.10. Study of curcumin release

The study of curcumin release from ALCur, HALCur 1 and HALCur 2 films was carried out
by soaking the films in 10ml of PBS (pH 7.4)modified with Tween 80 (10% v/v). Tween 80
increases the solubility of curcumin in PBS, preventing the saturation of the release media,
and reasonably simulates the in vivo conditions in which films could be applied. The
Samples were kept under constant stirring at 40 rpm in a water bath shaker at 37 °C. During
the release test period (0-10 days), at scheduled times, 1 ml of release medium was
withdrawn, and replaced with the same volume of fresh medium. The concentration of

released curcumin was determined using a UV-vis spectrophotometer (Synergy H1,
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BioTek, Winooski, VT), by measuring the absorbance at 426 nmof collected samples.
Experiments were performed in triplicate (n = 3) and the mean cumulative percentage drug
release was calculated using a standard calibration curve. The linearity of the response was
verified over the concentration range 0,22—-22 pg/ml (r.=0.999).

2.11. Biological investigation

2.11.1. In vitro cell culture

Biological investigations on curcumin loaded composite films were performed using human
dermal fibroblasts (hDF). hDF coded as C84 were isolated and expanded, starting from an
underarm explant from a healthy, normolipaemic 45-years old female, and used at passage
28. hDF were cultured in 75 cm2 cell culture flask in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS), antibiotic solution
(streptomycin 100 pg/ml and penicillin 100 U/ml, Sigma Chem. Co) and 2 mM .-glutamine.
hDF were incubated at 37 °C in a wet atmosphere with 5% CO2 and 95% air.

2.11.2. Cytotoxicity assay

Biocompatibility represents the first requirement for a medication intended for direct
application on injured skin. Toxicity assays of the three types of films developed were
assessed in triplicate by first culturing hDF on them, and then evaluating cell viability over
48 h using resazurin assay. ALCur, HALCur 1 and HALCur 2 films were cut in 5 mm disk
and sterilized by immersion in a stock penicillin/streptomycin antibiotic solution (1 A~ 10, U/I)
for 1 h, followed by 2 washes in sterile ultrapure water and subsequently kept under the
safety cabinet till drying. Once dehydrated, scaffolds were placed in a 96 well-plate and
seeded with hDF. Cells were harvested from the culture flasks at the confluent state by
incubation with trypsin solution for 2 min at 37 °C. Cells were then re-suspended with 10%
serum-supplemented DMEM, counted and plated at density of 3 A~ 10.cells/well onto the
scaffolds. 100 pl of cells resuspension was placed on each scaffold. The same number of
cells incubated in the same condition in absence of films was considered as untreated
control. Cell viability was evaluated on the basis of the ability to convert resazurin into its
fluorescent derivative resarufin. Briefly, at each time point (24; 48 h), scaffolds were
transferred into a clear dark 48-well plate and washed with PBS. 300 pl of resazurin solution
(250 pg/ml) in DMEM without phenol red with 10% FBS were then added to each well and
incubated overnight at 37 °C in the dark. Fluorescence was recorded at 560 nm excitation
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and 590 nm emission by a Spark® microplate reader (Tecan, Switzerland). Absorbance
obtained from correspondent empty scaffolds was subtracted from each measurement.

2.12. Antioxidant activity

Antioxidant scavenging activity of the curcumin loaded films was measured by DPPH test.
This colorimetric assay consists of the occurring of the scavenging chemical reaction
between a solution of the stable radical 2, 2-diphenyl-1-picrylhydrazyl (DPPH) with the
supposed antioxidant compound. The reaction changes the DPPH UV absorption band
decreasing its optical absorption at 517 nm when the DPPH molecule is reduced froman
antioxidant compound (turning color of the solution from violet to yellow). Briefly, a test
solution composed of 8.5 ml of acetonitrile, 1 ml of a stock solution of DPPH 1 mM in ethanol
(final concentration 100 mM), and 0.5 ml of deionized water was prepared before the
experiment. The test specimens (disks with diameter 1.5 cm) were placed in an amber jar
(n = 3) together with 10 ml of the test solution and kept under stirring in the dark on an orbital
shaker for 60 min at room temperature. A control sample consisting of an amber jar
containing 10 ml of test solution was also measured as a control sample. At predetermined
time intervals (each 20min), 1 ml of the sample was collected and the vials were immediately
replenished with an equivalent volume of test solution. The absorbance of the collected
samples was systematically read through a Perkin Elmer - Lambda 25 spectrophotometer
measuring the absorbance at 426 nm. A solution of ethanol/deionized Water (95:5 v/v) was
used as blank sample during the measurement. The scavenging percentage at each time
point was calculated as Eq. (4).

where Avis the absorbance of the control sample and A is the absorbance in the presence
of the sample at any time. Decoloration and subsequent decrease of absorbance at 517 nm

indicated proportional antioxidant charge increase of the sample tested.

2.13. Statistical analysis
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Statistical analyses were undertaken using GraphPad Prism®, version 6.00 (GraphPad
Software, La Jolla California USA) using one-way ANOVA test. All experiments were
performed in triplicate and the results were expressed as the mean * standard deviation
(SD). A pvalues below 0.05 considered as significant. 3. Results and discussion

3. Results and discussion

3.1. Preparation of composite films

Native body tissues can be viewed as complex materials since they include several
extracellularmatrix components with different features and properties. For this reason, a
one-component material cannot be used to fully replicate the complex mechanics and the
biochemical attributes of tissues. Despite the extensive description of elastin and elastin like
peptides use to prepare cross-linked gels, fibers, or injectable scaffolds for tissue
engineering and drug delivery [3,13,15,24] their use in applications such as wound dressing
or regenerative medicine has to be further improved. The preparation of a composite
material based on the natural polymer alginate loaded with a recombinant form of the Human
Elastin-Like Polypeptide (HELP) well described and characterized by our group [25,26]
represents a valuable approach to reach this goal. In our laboratory, synthetic genes based
on the repeated hexapeptidic motifs that characterize human tropoelastin have been cloned
and the expression products were purified through inverse transition cycling [26]. The
recombinant technology used to produce HELPs provides precise control over the structure
and properties of the final polypeptide resulting in highly homogeneous derived materials.
Moreover, the purification of expressed HELP achieved through the inverse phase
transition, allows obtaining a highly purified recombinant polypeptide. Composite films with
(HALCur 1 and HALCur 2) and without (ALCur) HELP were prepared by solvent casting
followed by the crosslinking, using a calcium chloride solution (Fig. S1). The physical
interactions between alginate chains and calcium ions leads to the formation of a well-
defined structure, popularly known as the “egg-box model”, in which Ca..ions are embodied
in cavities like eggs in a cardboard egg box [27,28]. The resulting chain-to-chain interactions
that are formed with the crosslinking increase the structural cohesion of the alginate-based
films, leading to higher values of tensile strength and low solubility in water [29]. The same
curcumin loading was employed to assess the effect of HELP on the final composite film
properties. Glycerol was added as a plasticizer to all the formulations to increase the
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handling properties and to facilitate the removal from the Petri dish [30]. After crosslinking,
the films were flexible, transparent, and uniform with no evident physical defects. The
addition of curcumin conferred a yellowish color to these composite films compared to Ca-
ALG films that were transparent. A more accurate examination of the surfaces of the
composite films was carried out by SEM imaging. Representative SEM micrographs at the
same magnification of the tested specimens are compared in Fig. 2. All films displayed a
homogeneous structure without any large cracks, air bubbles or evident sign of phase
separations, which indicate a good quality polymeric film. However, in presence of HELP
the images shown a heterogeneous surface with small aggregates that seems to be
influenced by concentration. In particular, ALCur presents a quite smooth surface,
characterized by few imperfections consisting of soft protuberances at the surface. These
structures increase in terms of numbers proportionally with HELP's increase, becoming
almost fibrillar elements (£10 ym in length) in the most concentrated sample (Fig. 2C).
Different roughness could have an influence on cell behavior in contact with the films tested,
however, the biological investigation did not show significant pieces of evidence of
enhancement rather than inhibition of cell viability.

3.2. Film characterization

3.2.1. Mechanical properties

The mechanical properties of biomaterials, in particular those designed for tissue
applications, need to be carefully characterized to fulfil the requisites for a targeted
application. The ability to resist to mechanical stress of a material is a valuable physical
property that can affect the material behavior both for the manipulation and for the
adaptation to the tissues. With the dispersion of HELP into the alginate matrix, we aimed to
increase the flexibility of the composite material to make it suitable in applications as skin
substitutes and wound dressings, where a degree of elasticity is essential [31,32]. The
elastic deformation of a material is well represented by Young's modulus and by the percent
elongation at break (es<x), both reported in Table 1. While the values found for AICur are in
agreement with what reported in literature for a calcium-crosslinked alginate [33], the
addition of HELP significantly increases Young's modulus and reduces the €s.a, resulting in
an increase in the hardness with increasing concentration of HELP (Fig. S3). This effect can
be attributed to the formation of a closer network in presence of HELP, due to molecular
entanglements, as will be described in detail in the next paragraphs. The worsening of the

mechanical properties of the composites with increasing concentration of HELP can be
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attributed to alignment, compatibility and specific interactions of the polypeptide with the
alginate chains. Further work is in progress to better investigate this point. However, the
maximum applied force (the force applied to the sample at the moment of breaking) doesn't
present any significant difference among the specimen tested and can be considered high
enough to allow easy manipulation of the films avoiding breakage.

3.2.2. FT-IR

Spectra of HALCur 2 and HELP are compared with a crosslinked ALG film without curcumin
(Ca-ALG) in Fig. 3a (spectrum of HALCur 1 is not reported since peaks of HELP were hardly
detectable). HELP shows diagnostic bands at ~3495 (\OH stretching), 3288 (N\\H
stretching), 3053 and 2964 (C\\H stretching), 1636 (amide |, C_O stretching), 1533 (amide
[I, N\H bending). In HALCur 2, the amide | band is hidden by the strong band of curcumin
at 1620 cm-+, whereas a shift of amide Il band to a lower frequency (1514 cm-1) is detected.
This shift accounts for the establishment of interactions between the N\\H amidic groups of
HELP and ALG via hydrogen bonds, as described in details below. No appearance of new
bands was detected, indicating that no chemical reaction occurs. From the analysis of the
FT-IR spectra obtained from sodium alginate (Na-ALG) and the corresponding crosslinked
film (Ca- ALG) (Supplementary material S2), we found that when crosslinked with calcium
ions, the ALG bands of carboxylate respectively moved from 1593 to 1587 cm-1and from
1403 to 1413 cm-i(Fig. S2). This shift at higher frequency of the symmetric band is a well
know indication of Na./Ca..-exchange [34]. In the spectrum of HALCur 2 specimen both the
asymmetric and symmetric C_O stretching peaks of ALG carboxylate shift towards higher
frequencies (1594 and 1427 cm-irespectively) compared to Ca-ALG. This suggests the
establishment of interactions between HELP and carboxylate, that might have an impact on
coordination bond between Ca.. and ALG, affecting crosslinking; in fact the frequency
separation between C_O asymmetric and symmetric stretches (Ava-s), decreases to 164
cm-1, which is somewhat lower than in the case of Ca-ALG (Supplementary material S2).
Av.s values well below 200 cm-i are compatible with the so-called bidentate “pseudo-
bridging” coordination arrangement, in which one of the two oxygen atoms is hydrogen
bonded to water or another ligand. Therefore, formation of hydrogen bonds between
carboxylate and N\\H of amidic groups of HELP can be envisaged, as proposed in Fig. 3b.
According to literature [35], FTIR spectrum of pure curcumin have a series of major peaks
at 3508 cm-« (free O\\H stretching of phenol group), ~3300 cm-: (-OH stretching), 1620 cm-
(mixed C_O and C_C stretching), 1601 cm-: (aromatic\\C_C\\stretching), 1505 cm- (C_O
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stretching) and 1270 cm-: (enol C\\O stretching). Furthermore, the peaks at 713, 856, 886
and 961 cm-indicate the bending vibrations of C\C\\H and C\\H bond of aromatic ring (Fig.
S3, Supplementary material). Peaks of curcumin and ALG are retained at the same
frequency in ALCur (not shown), indicating the absence of interactions with ALG, whereas
a shift of the C\\O band of curcumin to 1282 cm-1was found in HALCur 2 This can be
considered an evidence of complex formation, likely involving hydrophobic sequences of
HELP.

3.2.3. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

The thermal behavior of the curcumin-loaded films was analyzed by DSC. Raw ALG
thermogram exhibited an exothermic peak at 242 °C, resulting from polymer degradation.
In the thermogram of all crosslinked samples, this peak disappeared due to the formation of
an “egg-box” structure around calcium ions, which increases the degradation temperature
of ALG [36]. The thermogram of curcumin showed a very sharp endothermic peak at 182
°C with an associated melting enthalpy of 137,6 J/g. In ALCur, the peak was still present,
but shifted to a lower temperature and appeared broadened (168,9 °C, 130.8 J/g). The
dispersion within the alginate matrix limits the capability of curcumin to crystallize, as
demonstrated by the decrease of melting temperature. In the presence of HELP, the melting
endotherm completely disappeared in both HALCur 1 and HALCur 2 thermograms. These
results suggest the occurrence of interactions with HELP that prevent the crystallization of
curcumin. The glass transition temperature (Tg) of ALG in crosslinked samples was
determined during the second run after complete removal of water. Tg of raw ALG was not
reported because not reliably detectable. The complete results are reported in Table 2. The
addition of HELP to film formulation causes an increase of alginate Tg, likely due to
interactions of the polypeptide with carboxylate group, as previously described in the FT-IR
analysis paragraph, thus confirming that presence of HELP can modify the crosslinking
strength and density. Tg increases proportionally to the HELP content, as expected. To
further explore the interaction between HELP and the crosslinked alginate matrix, the
composite films were characterized by TGA from20 to 600 °C, recording the weight loss as
a function of temperatures. Thermogravimetric analysis was performed to study polymer
degradation, which is influenced by physical interactions between the components and to
evaluate the water content of different samples. Table 2 lists the weight loss up to 150 °C,
the onset temperature (Towe:) Of the whole degradation process, and the temperature of the
maximum degradation rate, which corresponds to peaks in the derivative plot (Tw). Fig. 4a
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and b shows the weight loss curve and its derivative (DTG) as a function of temperature,
respectively. The HELP thermogram shows a sharp degradation from 190 to 400 °C, with a
maximum weight loss at 327 °C (12.28%/min), while degradation of curcumin occurs
between 175 and 545 °C with a maximum weight loss at 362 °C (4.72%/min). The raw
alginate and all the crosslinked samples (ALCur, HALCur 1 and HALCur 2), thermograms
show two different weight loss events. The first weight loss (around 15%) up to 150 °C
corresponds to the evaporation of water [37]. The second stage above 200 °C is related to
degradation phenomena. The derivative thermogravimetry (DTG) curves show the thermal
events in the region where degradation occurs (Fig. 4b). DTG curve of ALG shows a single
peak with a maximum at around 246 °C (15.82% 7 min), related to thermal degradation of
both mannuronic and guluronic units. In the case of Ca-ALG, two partially overlapping
events can be distinguished, suggesting that two structures with different degradation
profiles coexist. These different phenomena are related to mannurate and guluronate
segments (peak1 and peak2, respectively) [38,39], which are differently involved into the
polymer three-dimensional network. In particular, mannuronic moieties, which are not
involved in crosslinking, undergo an early degradation (T.«:1232 °C), whereas guluronic
units degrade at a higher temperature (T:.2259 °C) since they tightly interact with calcium
ions in the egg-box structure. In the thermograms of HALCur samples, a single-step
degradation curve, mainly attributed to ALG, is detected. This evidence is consistent with
physical interactions, via hydrogen bonds, between HELP and ALG chains. Moreover, the
addition of HELP to film formulation results in an increase of guluronic moieties degradation
temperature. This result suggests that HELP interacts preferentially with guluronic units, and
is entangled in the three-dimensional polymer network. In the case of HALCur 2, degradation
temperature of guluronate segments increases of around 20 °C with respect to Ca-ALG,
thus demonstrating that a higher amount of HELP significantly stabilizes alginate crosslinks.

3.2.4. Swelling, equilibrium water content and stability

The ability of a material to absorb water depends on its physical structure and it is related
to specific material properties as a uniform and prolonged release of the drug and
bioadhesion potential [40]. Swelling of HAL films in PBS was investigated in water and the
differences in swelling capacity depending on the amount of HELP content are shown in Fig.
5A. The water uptake of the composite films was rapid and reached its maximum 1 h after
contact with water. The curves show that after 1 h the maximum swelling was achieved for
all the formulations (81.0% + 4.2, 90.0% * 3.8, 90.4% % 3.5 for ALCur, HALCur 1, HALCur
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2 respectively) with a significantly (p b 0.05) higher percentage swelling for the HALCur 1
and HALCur 2 films. No significant differences in the swelling ratio were found between
HALCur 1 and HALCur 2 throughout the experiment. The swelling behavior was followed for
24 h and a slight swelling decrease percentage, probably due to a material loss, was
observed. However, after 24 h significant differences are still found in swelling between the
samples. HELP affects also the total amount of water that these systems can absorb. The
EWC of HALCur 1 and HALCur 2 are 43.6% + 0.8 and 45.5% % 1.8 respectively, significantly
higher if compared with the 40.9% + 2.2 recorded for the ALCur film. The stability profiles of
the HAL films in physiological conditions were investigated, monitoring weight changes with
time. At each time point, HALCur 1 and HALCur 2 films showed higher degradation than the
ALCur. After 7 days of incubation, the films containing HELP appeared more fragile and at
12-14 days of incubation no insoluble material could be detected after visual inspection (Fig.
5B). In our hypothesis, this degradation behavior may further confirm the interactions
between the HELP and the carboxylate group of alginate previously detected by FT-IR,
DSC, and TGA. In HALCur 1 and HALCur 2 a weight loss of about 30% is already evident
after 12 h and it could be attributed to the easy solubilization in the aqueous release media
of the HELP fraction, with the consequent weakening of the entire film structure.

3.3. Curcumin release

The release profile of curcumin from HAL composite films was assessed in PBS at pH 7.4
and 37 °C, simulating physiological conditions. Curcumin in the loaded films showed
controlled release profiles with a limited initial burst (Fig. 6). After 10 days, over 60% of the
total curcumin contained in the films was released with significant differences in the release
rate depending on the formulation tested. These differences are more evident during the
first 8 h, where the release rate steadily increases to reach a total percent release of 15.46
+2.45, 21.28 +1.93, 29.40 £3.23 for ALCur, HALCur 1, and HALCur 2 respectively (Fig. 6,
inset). The release experiments were conducted up to 10 days to carefully asses both short
and long-term release dynamics, as well as the capability of the films to retain the curcumin.
Even for a longer period, the amount of curcumin released into the soaking medium is higher
in the presence of HELP, with a rising trend correlated to the total HELP amounts. The drug
release from the swellable scaffolds mainly depends on water uptake kinetics, pointing to
the presence of HELP as a key parameter in affecting the release rate. As previously
discussed, films containing HELP have higher water uptake, a feature that appears to be

related to the release profile as well. The presence of HELP into an alginate matrix o film
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can therefore also be used to control the release of a hydrophobic drug, modifying the
structural features of the matrix and tuning the release of the loaded drug.

3.4. Cytotoxicity assay

Biological studies were conducted to demonstrate if the developed composites, differing
each other for HELP content (0 to 0.25%), did not show toxic effects on human dermal cells.
The second aim of this study consisted in the evaluation of cell proliferation induction due
to the presence of HELP in the composites. The in vitro cytotoxicity evaluation is a fast
method to provide predictive evidence of material biocompatibility. Cytotoxicity of
ALG/HELP composites was evaluated on human dermal fibroblasts (hDF),which play an
important role in generating connective tissue and allowing the skin to recover from injury
[41]. Fig. 7 shows the effect of the films on the viability of hDF assessed by resazurin assay.
After 24 h of incubation, the ALCur replicas showed the lowest cell viability (63%9),
comparing it with the control group. HALCur 1 and HALCur 2 showed a viability of 80% + 1
and 72% = 4, respectively. The evaluation at 48 h, ALCur had the lower viability of 60% + 4,
HALCur 1 scored 73% = 8 and HALCur 2, 72% + 5. At both these time points, the cell viability
of ALCur is still around 60% while for HALCur 1 and HALCur 2 viability is significantly higher.
According to the recommended guidelines for the evaluation of in vitro cytotoxicity for
medical devices and delivery systems (DIN EN ISO 10993-5), a biomaterial can be deemed
non-cytotoxic if the cell viability after exposure does not fall below the 70% [42]. The ALCur
films resulted in the lowest values in terms of viability respect the controls, Conversely, in
the presence of HELP in all cases the cell viability is higher of 70% both at 24 and 48 h.
These data suggest a cell proliferation enhancement effect of HELP on hDF, and this is
consistent with the previous observation that elastin like polypeptides may exert a pro-
proliferative effect [43]. Therefore, the results obtained in the present study show that the
HAL composite films loaded with curcumin could be considered as potentially biocompatible
and generally safe. 3.5. Antioxidant activity It is well known that chronic skin wound oxidation
represents amajor etiological cause of macromolecular damages during the tissue
regeneration process. ECMproteins, in particular, can be damaged by Reactive Oxygen
Species (ROS) activity due to their high chemical reactivity and capability to oxidize cellular
macromolecules [44]. ROS are produced in significant amounts from macrophages invading
the wound area during inflammation, playing a crucial role as signalling molecules as well
as antimicrobial compounds [45]. However, the prolonged tissue exposition to high

concentrations of oxidative stress gives a significant contribution both to the insurgence and
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persistence of chronic wounds and other pathologies. The natural phenolic compound
Curcumin has well demonstrated antioxidant and anti-inflammatory effects by carrying out
scavenging activity of free radicals, lowering lipid peroxides [46—48]. These inherent
properties make curcumin particularly suitable for the treatment of various damaged tissues,
as wound injuries. In particular, its antioxidant and radical scavenging activity can be
exploited to control wound oxidative stress and thereby accelerate wound healing [46,49].
Animal studies suggest that supplementation of this compound could enhance/ ameliorate
the tissue repair process [50]. In this work, we performed an antioxidant scavenging activity
assay to verify if the antioxidant activity of curcumin is maintained even after dispersion in
ALG/HELP films. The results (Fig. 8), confirmed the strong in vitro antioxidant activity of the
developed alginate-based composites containing curcumin 0.1% w/w. As expected, no
significant differences were detected among the sampling time points. In particular, in all the
samples tested the scavenging activity on DPPH molecule ranged from 66.2 £ 4.7% to 84.9
+ 4.5%. Interestingly, the difference in the antioxidant activity observed among the samples
that were analyzed at later time points appeared related to the presence of HELP in the
composite. This suggests that the HELP component favours the release of the curcumin
although further studies are needed to support these results. In conclusion, the composites
resulted effective as free radical scavengers showing the potential application in medical

devices that can improve the wound healing process and proper skin regeneration.

4. Conclusion

This study aimed to test the properties of a series of composite films based on the natural
polymer alginate and a recombinant form of human elastin that can be loaded with bioactive
components. There are only a few examples of elastin-like based composites that have
been developed till now, and with this work, we have demonstrated how the combination of
alginate and HELP allowed tuning the final properties of the resulting material, thus
modulating the delivery of curcumin, a natural molecule used as a model antioxidant
compound. Our study showed that the fabrication of the composite is feasible and that the
features of the two components can be successfully integrated. Stable films based on
alginate and HELP were easily prepared establishing a protocol. FT-IR and thermal analysis
evidenced an interaction between HELP and the carboxylate group of alginate, a
phenomenon that is likely correlated to the final functional features of the material. The
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presence of HELP in the composite was shown functional both to control the release of the
model compound curcumin leading to a high antioxidant activity of the material and to
maintain, and possibly enhance, the cytocompatibility of the final material. Overall, although
further studies are needed to evaluate the in vivo behavior of this composite material,
ourwork demonstrated that the association of alginate with HELP was effective to prepare
customizable platforms for drug delivery, wound healing, and tissue regeneration. Finally, it
worth noticing that HELP-based proteins are readily customizable by molecular fusion of
exogenous domains to prepare active biopolymers. These HELP fusion proteins may
represent in the future a further possibility to confer specific functionality to the final

composite materials
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Figures and tables
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Fig. 1. Scheme of ALG/HELP composite film preparation.

Fig. 2. SEMmicrograph showing the surface topography of ALG /HELP films A characteristic highly- rrugated surface structure with small and big wrinklesis formed with increasing HELP
concentration. A) ALCur; B) HALCur 1; C) HALCur 2 (magnification 320x; scale bar = 20 pum ).
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Fig. 3.A) FTRR spectra of HALCur 2, HELP and (3-ALG. B) Egg-box structure of calcium alginate with the two different calcium-car
coordination (Ca-ALG); (11) bid pseudo-bridging coordination (HALCur 2).

bridging



Weight (%)

20 T T T T 1
200 400 600

Temperature (°C)

Derived Weight (%/min)

Temperature (°C)

Fig. 4. TGA (A) and DTG (B) curves of raw materials (ALG, HELP, and curcumin),
crasslinked alginate film without curcumin (Ca-ALG), and ALCur, HALCur 1, and HALCur
2 films loaded with 0.1% curcumin.
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Fig. 5. Swelling (A) and stability (B) profilesof ALCur, HALCur 1, and HALCur 2 filmsloaded with 0.1% curcumin (n =3, +SD). After 24 h HALCur 1,and HALCur 2 films have a significantly
(p = 0.05) higher swelling capacity vs ALCur, while the difference between HALCur 1, and HALCur 2 was not significant. Similarly, the stability is related to the HELP presence, with the
HALCur 1, and HALCur 2 films more susceptible to degradation after 14 days of immersionin PBSat37°C
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Fig. 6. Cumulative curcumin release (%) profiles from ALCur, HALCur 1, and HALCur 2 films. Results are reported as mean + standard deviation of three independent measurements. Lines
through data points are to guide the eye.
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Fig. 7. Effect of ALG/HELP composite biomaterials on human dermal fibroblasts cells Bl ALCur HALCur1 [ HALCur2

viability. Cell viability has been determined by resazurin assay. The results have been
reported as percentage ofviable cells compared with the control considered as 100% Fig. 8. Invitro antioxidant activity of the ALCur and HALCur films measured by the DPPH
viable cells. Bars represent the mean + SD of triplicate determination in 3 independent assay. Bars represent the mean + SD of triplicate determination in 3 independent

experiments. #p < 0.05 vs. ALCur. experiments. #p < 0.06.
Table 1
Thickness, Young modulus (E), elongation at break (&,,.s) and max applied force 4 SD. of films loaded with 0.1% curcumin.
Sample Thickness (um) E (MT’a] Enreis (%) Max Applied Force (N)
AlCur 57109 2398 132 170+ 034 101
HALCur 1 5+ 06 4074 +1249 1.10+ 012 101

HALCur 2 59113 5077 + 845 0.80 1 0.01 10 +1




Table 2

Thermal characteristics of the aw materials used to prepare the composite films of the
crosslinked alginate film without curcumin (Ca-ALG), and of the ALCur, HALCur 1, and
HALCur 2 films loaded with 0.1% curcumin. The average relative error on DSCand TGA
data is lower than 10X

Tg  WL(Z)upto150°C Tow ('C)  Tpur1 ("C)  Tpur2(7C)

HELP ~ 87 208 328
Curcumin - - 204 362
ALG nd 169 246 268
Ca-AlLC 104 204 211 232 256
ALCur 98 173 208 229 274
HALCur1 109. 155 210 226 278

HALCur2 111 160 212 225 295




