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ABSTRACT. Hypothesis. Implementation of tissue adhesives from natural sources endowed with
good mechanical properties and underwater resistance still represents a challenging research goal.

Inspired by the extraordinary wet adhesion properties of mussel byssus proteins resulting from



interaction of catechol and amino residues, hydrogels from soy protein isolate (SPI) and selected
polyphenols i.e. caffeic acid (CA), chlorogenic acid (CGA) and gallic acid (GA) under mild aerial
oxidative conditions were prepared. Experiments: The hydrogels were subjected to chemical
assays, ATR FT-IR and EPR spectroscopy, rheological and morphological SEM analysis.
Mechanical tests were carried out on hydrogel films prepared by inclusion of agarose. Biological
tests included evaluation of the antibacterial and wound healing activity, and hemocompatibility.
Findings. The decrease of free NH> and SH groups of SPI, the EPR features, the good cohesive
strength and excellent underwater resistance (15 days for SPI/GA) under conditions relevant to
their use as surgical glues indicated an efficient interaction of the polyphenols with the protein in
the hydrogels. The polyphenols greatly improved also the mechanical properties of the
SPI/polyphenol/agarose hydrogels. These latter proved biocompatible, hemocompatible, not
harmful to skin, displayed durable adhesiveness and good water-vapour permeability. Excellent
antibacterial properties and in some cases (SPI/CGA) a favorable wound healing activity on dermal

fibroblasts was obtained.

1. Introduction

The quest for adhesives for soft tissues repair is nowadays very actively pursued and indeed many
different solutions have been developed in the literature, including mainly hydrogels. Among the
several requirements that should be met by these materials is biocompatibility, coupled possibly
with antibacterial activity to increase their potential in wound healing treatment. Additionally,
tissue adhesives should be endowed with good to excellent mechanical properties under
physiologically relevant conditions, and particularly under-water resistance, this latter remaining

a major challenge in the design of these materials.



In this regard the mechanisms of adhesion of the marine organisms represent an unvaluable source
of inspiration. One of the most widely exploited is that of mussel byssus foot proteins whose
extraordinary wet adhesion properties result from interaction of the catechol system of the
abundant 3,4-dihydoxyphenylalanine (DOPA) residues with lysine amino groups giving rise to
cross-linked networks. Accordingly, enormous efforts have been devoted to the development of
synthetic mussel-inspired materials with water-resistant adhesion and cohesion properties based
on covalent and noncovalent interactions including oxidative cross-linking, electrostatic
interaction, metal—catechol coordination, hydrogen bonding, hydrophobic interactions and n—
n/cation—r interactions [1]. These are obtained by modifying polymer systems with DOPA or using
its analogue dopamine that combines the catechol and amino functionality [2—6].

Cross-linking of Al*'-coordinated alginate-dopamine chains with acrylamide-acrylic acid
polymers resulted in hydrogels endowed with good mechanical properties in which the catechol
functionality of dopamine ensured robust fibroblast cell adhesion [7]. Nanocomposite hydrogels
incorporating dopamine catechol moieties conjugated to natural anionic poly(y-glutamic acid) and
cross-linked through horseradish peroxidase/hydrogen peroxide oxidation, with an additional
physical cross-linking with a synthetic bioactive nanosilica, showed strong adhesiveness to various
tissue layers and demonstrated excellent haemostatic properties [8]. Simple inclusion of DOPA
resulted in fortification of porous and erodible chitosan-based adhesive films that may be used for
fabrication of photochemical tissue bonding systems by use of light and a photosensitiser to
promote tissue adhesion [9].

Concerns of potential neurological effects entailed by the use of dopamine in the mussel-inspired
strategy was overcome by use of alternative phenolic compounds. Oxidative coupling of tannic

acid with nucleophilic residues of animal gelatin allowed access to low-cost and readily scalable



water-resistant plant-inspired bioadhesives [10]. Similarly, a plant catechol-based adhesive was
prepared relying on the redox abilities of lignin nanoparticles giving rise to a pectin-polyacrylic
acid hydrogel network by initiating radical polymerization of acrylic acid [11,12].

In addition to polysaccharides and synthetic polymers, proteins from easily accessible sources have
also been explored for preparation of bioadhesives [13]. Of particular relevance in this connection
are soy proteins isolate (SPI), the main industrial waste in soybean processing, that appear ideal
candidate for implementation of environmentally friendly biomass-based adhesives since they are
cost-effective, easy to handle, and have been considered as alternative aldehyde-free materials also
in wood industry [14,15]. In addition, these proteins are rich in amino groups with lysine content
up to 6% [14]. Notwithstanding that, SPI based hydrogels have very scanty applications due to
their weak resistance under water, cumbersome gelation process and poor mechanical properties.
Chemical cross-linking modification is the most potent way to enhance performance of soy
proteins, using either synthetic or natural compounds, that have been in many cases covalently
linked to the protein scaffold [16—19].Cross-linking hinging on oxidation chemistry of polyphenols
has also been exploited to get high performance materials using tannic acid [20], modified tannins
[21], lignins [22] or other phenolic polymers [23].

Synergistic effect

Yet, exploitation of SPI as starting material for preparation of hydrogels with suitable properties
for tissue repair has been so far scarcely explored.
In this work we report preparation of hydrogels from SPI and polyphenols of natural origin under

mild aerial oxidative conditions. The underlying chemistry was explored by chemical assays,



attenuated total reflection infrared (ATR FT-IR) and electron paramagnetic resonance (EPR)
spectroscopies, while the morphology was investigated by scanning electron microscopy (SEM)
analysis. Integration of polyphenols compounds in the SPI afforded glues exhibiting a noticeable
underwater resistance when applied to both plywoods and animal tissues cuttings. To expand the
potential of these materials to wound dressing applications, hydrogels from agarose/SPI were
prepared and loaded with the selected polyphenols under oxidative conditions. These materials to
which the polyphenols conferred reduced tensile strength and increased ductility showed contact-
active antibacterial activity particularly against gram positive strains, good cytocompatibility
toward dermal fibroblasts and keratinocytes, hemocompatibility and in some cases induced wound

healing repair as assessed by the scratch test using relevant cell cultures.

2. Experimental section

2.1. Materials

Soy protein isolate (SPI) (99%) was purchased from commercial sources (MyProtein) and used
without further purification. Cafteic acid (CA), chlorogenic acid (CGA), gallic acid (GA), agarose
(analytical nucleic acid electrophoresis grade) and all other reagents indicated in the following
paragraphs were purchased from Sigma-Aldrich and used without further purification. Deionized
water was used for all experiments. Wood specimen from pine were obtained from a carpenter
shop. Chicken tissues (skin and muscle) were freshly obtained from a local butcher and stored at

4 °C until use, typically within 1-2 days.

2.2 Preparation of the SPI/polyphenols glues



SPI (1 g) was dissolved in water (10 mL) and kept at 85 °C for 1 h in a thermostatic bath to induce
denaturation. The proper polyphenol was then added to a final concentration of 28 mM. The
resulting solution was brought to pH 9 by addition of 0.1 M NaOH, taken to 50 °C and left under
stirring in air for 2 h. The resulting material was centrifuged at 7000 rpm, at 4 °C, over 10 min to
remove excess water and then used for the experiments described infra. When required the

materials were lyophilized.

2.3 Preparation of the SPI/agarose/polyphenols hydrogels

Denatured SPI (10% w/w) obtained as described above was added to a 2% w/w solution of agarose
in water at 2:1 v/v and taken at 70 °C for 15 min, then poured in a Petri dish and allowed to cool
at room temperature for 1 h. The resulting hydrogel was dipped in a 10 mM solution of the
polyphenol in 0.05 M phosphate buffer at pH 9 in air. After 2 h the hydrogel was washed with
water (3 x 10 mL). The hydrogels were air dried and then rehydrated before use by dipping in

water in a Petri dish.

2.4 Determination of the NH2 and SH content

2.4.1 Sulfhydryl groups

The sulthydryl content of the SPI/polyphenols glues was determined using the Ellman’s reagent
according to a protocol previously described [24]. Ellman’s reagent was prepared by dissolving
5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) (4 mg) in 1 mL of Tris-glycine buffer (0.086 M Tris,
0.09 M glycine and 4 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0). The powder from
lyophilized SPI/polyphenols was dissolved in Tris-glycine buffer to a concentration of 3 mg/mL

and mixed with 50 uL of Ellman’s reagent. The mixed solution was left under stirring at room



temperature for 1 h. A sample containing only denatured SPI was subjected to the same treatment
and used as reference of the total SH groups. The absorbance at 412 nm was recorded on a Jasco
V-730 spectrophotometer and the value corrected for the contribution of each SPI/polyphenol
material at the concentration used (determined in the absence of Ellman’s reagent). Data were
expressed as the percentage of reacted SH groups in SPI/polyphenols with respect to those of the
pure SPI. To determine the levels of free SH groups in the denatured SPI a calibration curve was

built up using a glutathione solution at concentrations in the range 0.002-0.01 mg/mL (Figure S).

2.4.2 Amino groups

The contents of free amino groups in the sample were determined using a slightly modified version
of the o-phthalaldehyde (OPA) method applied to soy proteins [24]. OPA (40 mg) dissolved in
methanol (1 mL), 20% (w/v) sodium dodecyl sulfate (SDS) solution (2.5 mL), 0.1 M borax
solution (25 mL) and B-mercaptoethanol (100 uL) were combined. Finally, the OPA reagent was
prepared by adding distilled water to the above solution to bring the total volume up to 50 mL in
a volumetric flask. The samples were added to the OPA reagent to a final concentration of 0.18
mg/mL. After the mixture was thoroughly mixed and the reaction was allowed to proceed at 35 °C
for 2 min, the absorbance of the sample was measured at 340 nm on a Jasco V-730
spectrophotometer. At each concentration used, the contribution of the sample to the absorbance
at 340 nm (determined in the absence of the OPA reagent) was subtracted. Data were expressed
as the percentage of reacted NHz groups in SPI/polyphenols with respect to those of the pure SPIL.
A calibration curve was built up using alpha BOC L-lysine at concentrations in the range 3-9

ug/mL (Figure S).

2.5 ATR FT-IR measurements



ATR FT-IR spectra of the SPI/polyphenols glue samples as lyophilized powders were recorded by
means of a Perkin Elmer Spectrum 100 spectrophotometer (USA), equipped with a Universal ATR
diamond crystal sampling accessory. Spectra were recorded as an average of 16 scans, with a

resolution of 4 cm™'.

2.6 EPR measurements

A X-band spectrometer was used to conduct EPR measurements (Bruker, Rheinstetten, Germany).
The samples were placed in flame-sealed glass capillaries that were coaxially collocated into a
typical 4 mm quartz sample tube. Spectra were recorded at room temperature. The instrument
parameters were as follows: modulation frequency: 100.00 kHz; modulation amplitude: 1.0 G;
receiver gain: 60 dB; sweep width: 100 G; time constant: 10.24 ms; conversion time: 20.48 ms. In
preliminary tests, microwave power was steadily increased from 0.001 to 128 mW in order to
achieve power saturation. In order to prevent microwave saturation of the resonance absorption
curve, single spectra were then obtained at a microwave power optimized for each sample. To
increase the signal-to-noise ratio, several scans, around 128, were accumulated. A Mn2+-d0ped
MgO internal standard was used to measure the g value and the spin density. The broadness of
each spectrum was calculated as the difference in gauss (G) between the detected signal's

maximum and minimum (DB).

2.7 Morphological properties

Morphological analysis of the SPI/polyphenols glues was performed by scanning electron
microscopy (SEM) using a FEI Quanta 200 FEG SEM in high vacuum mode. Before SEM

observations, samples were mounted onto SEM stubs by means of carbon adhesive disks and



sputter coated with a 5-10 nm thick Au-Pd layer. All the samples were observed at 10 kV

acceleration voltage using a secondary electron detector.

2.8 Mechanical properties

2.8.1 Adhesive strength

Wood specimen from soft wood (pine) (30 x 20 x 50 mm thickness, width, and length) were used
[25]. The SPI or SPI/polyphenol slurry, prepared as described under paragraph 2.2, was weighted,
and brushed on a 2 x 2 cm area of each piece (approx. protein concentration 1.80 mg/cm?). The
pieces were allowed to stand at room temperature for 5 min, assembled by hand and then pressed
together with a clamp for 24 hours. Shear strength of wood specimens was determined by using
an Instron testing machine (model 4505) operated at a crosshead speed of 25 mm/min. The force
(N) required to break the glued wood specimen was recorded. The failure stress of the adhesive
was determined by measuring the lap shear strength, which corresponds to the force (N) required
to tear apart the wood joints divided by the bonding area (in these experiments 4.0 cm?). All the
adhesive strength data reported are means of six replications. Prior to measurement the specimens
were equilibrated for 48 h at 25 °C and 50% relative humidity (RH). For water resistance test the

wood specimen were soaked in deionized water at room temperature and periodically checked.

2.8.2 Adhesion tests on animal tissues and underwater resistance

For tests on chicken skin a protocol previously described was adopted [26]. In brief, the fat layer
below the skin was removed using a scalpel and the tissue was cut into pieces of approx. 15 x
20 mm, washed gently with hand soap once, rinsed with tap water, immersed in ethanol for 2 min

and again rinsed with tap water. Skin samples prepared this way were kept immersed into 10 mM



HEPES buffer at pH 7.5 for 30 min before their use for the adhesion tests. The SPI or
SPI/polyphenols slurry was deposited on the skin on a 2 x 2 cm area.

For the experiments using chicken breast muscle, slices of approx 5 x 3 mm were cut by a knife
and then immersed in HEPES buffer as above, washed with deionized water and gently wiped onto
a tissue paper to blot the excess of liquid. The SPI or SPI/polyphenols slurry was applied on the
slices that were then pressed together for 10 hrs.

For the water resistance test skin samples were soaked in PBS at room temperature and periodically
checked.

2.8.3 Rheological characterization

Rheological data of the SPI/polyphenols glues were collected using a HAAKE Rheo Stress 6000
(Thermo Scientific) rotational rheometer equipped with a parallel plate geometry, 20 mm plate
diameter, and 2.0 mm gap, at 30 °C. Frequency sweep tests were performed at 2% strain, over a

frequency range of 0.1-100 rad s

2.8.4 Tensile tests

Tensile tests were performed on the SPI/agarose/polyphenols hydrogel films conditioned for 3
days at 25 °C and 50% RH, using an Instron model 5564 dynamometer equipped with a 1 kN load
cell, at 23 + 2 °C, 45 = 5% RH, with a 5 mm min™' clamp separation rate. Four dog bone shaped
specimens (50 mm overall length, 28 mm distance between the wide parallel sections, 4 mm width)

were tested for each formulation.

2.9 Water vapor permeability (WVP) tests

WVP measurements of the SPI/polyphenol hydrogel films were performed according to ASTM

E96 standard method. Air dried films with exposed area of 2.83 cm? were sealed over a circular
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opening of aluminum permeation cells filled with distilled water. The cells were kept in an
environmental chamber at 25 °C under 50% RH. After the system reached steady state conditions,
the weight change of the cell was measured every 24 h. Air dried SPI/agarose/polyphenols

hydrogels were tested three times to confirm repeatability of measurements (Figure S1).

The weight loss of hydrogels was plotted with respect to time, and the linear least-square method

was used for the calculation of the parameters given by Equation:

WVP =L x WVTR/AP

where WVTR is the water vapor transmission rate of air-dried SPI/agarose/polyphenols hydrogels
with (g s/m?), L is average thickness of the hydrogels (m), AP is the difference in water vapor

pressure between the two exposed sides of the hydrogels (Pa).

2.11 Cytocompatibility

Immortalized human keratinocytes (HaCaT) and human dermal fibroblasts (HDF) were cultured
at 37 °C in a humidified atmosphere containing 5% CO2 in high-glucose Dulbecco's modified
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 1% antibiotics (Pen/strep), and 1%
L-glutamine. 24 hours before treatment, cells were seeded on 96-well plates at a density 3 x 10°
cells/well. The compounds (agarose (0.625 mg/mL) or agarose as above/0.875 mg/ml SPI or
agarose/SPI as above/0.0875 mg/ml CGA/0.005 mg/ml CA or GA) were then added, and the
mixture was incubated for 24 and 72 hours. Following treatments, MTT assays were performed
replacing the cell culture supernatants with 0.5 mg/mL MTT reagent dissolved in DMEM medium
without red phenol (100 pL/well).After being incubated for 4 hours at 37 °C, the resulting insoluble

formazan salts were dissolved in 0.01 M HCI in anhydrous isopropanol, and determined by
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measuring the absorbance at 570 nm with an automatic plate reader spectrophotometer (Synergy
H4 Hybrid Microplate Reader, BioTek Instruments, Inc., Winooski, VT). The percentage values

in comparison to the control, untreated cells were used to express the cell viability.

2.12 Hemocompatibility tests

In order to evaluate samples hemocompatibility, blood clot formation assay, tromboelastogram,
and scanning electron microscopy (SEM) analysis were performed. All the experiments were run
using the blood from 4 human healthy donors, kindly provided by the transfusion center of
Ospedale Maggiore della Carita, in Novara. The tests were run in triplicate for statistical

significance.

For blood clot formation assay, samples were placed in 48-well plates and 50 uL of human blood
were poured on them. After 1, 3, 5, 10 and 20 min 0.5 mL of ultrapure water were added, and 100
pL of the mix were used for spectrophotometric analysis at 450 nm. Absorbance values were

inversely proportional to blood coagulation.

Tromboelastogram was obtained pouring on the air dried SP1/agarose/polyphenols hydrogels 1 mL
of human whole blood for 30 min at 37°C. The blood was then collected and added to Kaolin to
increase coagulation speed. 0.34 mL of the mix were placed into cuvette with 20 uL. of a 0.2 M
CaCl; solution. The mix was analyzed with Tromboelastograph (TEG 5000, Haemonetics, USA),
giving 4 parameters that is clot starting time, coagulation time, coagulation speed, and clot

strength.

Samples used for tromboelastograph test were then treated for SEM analysis. Samples were

washed two times with 0.2 M cacodylate buffer (pH 7.4), then fixed with Karnovsky buffer (8%
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formalin, 2.5% glutaraldehyde, in 0.2 M cacodylate buffer, pH 7.4) for 30 min. Subsequently,
samples were rinsed with cacodylate buffer and dehydrated with increasing concentrations of
ethanol (from 50% to 100%). Finally, samples were soaked in hexamethyildisilazane for 16 h.
Samples were finally observed with JSM-IT500 InTouchScope™ Scanning Electron Microscope

(JEOL, Tokyo, Japan).

2.13 Scratch test

Wound healing activity of SPI/polyphenols materials was evaluated in vitro as previously
described [27]. Human HaCaT keratinocytes were seeded into 8-well chamber (Nunc™ Lab-
Tek™ Chambered Coverglass) at a density of 300 000 cells/well in 0.3 mL medium per well.
Following an incubation of 24 h at 37 °C, cells monolayers were wounded with a pipette tip to
remove cells from a specific region of the monolayer. The culture medium was then removed, and
the cells were washed twice with PBS. Cells were then incubated with fresh culture medium
containing agarose (0.625 mg/mL) or agarose as above/0.875 mg/ml SPI or agarose/SPI as
above/0.0875 mg/ml CGA/0.005 mg/ml CA or GA. Wound closure was evaluated using an
inverted microscope (Zeiss LMS 700, Carl Zeiss, Germany) at to and t4 h of incubation by
measuring the areas at these times. Wound closure is expressed as the ratio of the areas at to and
t24 h for each sample. The values obtained from three independent experiments were averaged and

the standard error of the mean was calculated to account for reproducibility.

2.14 Antibacterial activity

2.14.1 Bacterial strains and growth conditions

Bacterial strains Staphylococcus aureus ATCC 12600, Methicillin Resistant Staphylococcus
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aureus (MRSA) WKZ-2, Staphylococcus epidermidis ATCC 35984, Acinetobacter baumannii
ATCC 9606 and Pseudomonas aeruginosa ATCC 27853 were grown in Muller Hinton Broth
(MHB, Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on LB Agar (Tryptone 10 g/L;
yeast extract 10 g/L; sodium-chloride 5 g/L). In all experiments, to assess the antimicrobial activity
of air-dried SPI/agarose/polyphenols hydrogel films, bacterial cells were inoculated and grown
overnight in MHB at 37 °C. The next day, bacteria were transferred to a fresh MHB tube and

grown to mid- logarithmic phase.

2.14.2 Inhibition halo and percentage of bacterial growth

To evaluate the inhibition halo of air-dried SPI/agarose/polyphenols hydrogels, bacterial
cells were diluted into 0.5x nutrient broth (NB) to approximately 2 x 10® CFU/mL and
inoculated into LB plates. A square of 1 cm? of the hydrogels was then placed on the inoculated
plate and pressed to ensure full contact with the agar surface. Plates were then incubated at 37 °C
overnight and the bacterial growth around the hydrogels was evaluated. To assess the percentage
of cell viability, bacterial cells were diluted into 0.5x NB to approximately 2 x 105 CFU/mL.
500 pL of the bacterial culture were placed on a 1 cm? square of each hydrogels tested and
incubated 37 °C overnight. The next day, each culture sample was diluted in 0.5xNB medium and

plated on LB agar to perform the colony counting.

2.15 Statistical analysis

Statistical analysis was performed by using a Student’s #-Test. Significant differences were

indicated as *(P < 0.05), **(P <0.01) or ***(P<0.001).
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Results and discussion

3.1 Design rationale

Initial experiments were devoted at development of the optimal conditions for hydrogel
preparation from SPI using the selected polyphenols of natural origin. Previous studies using SPI
for preparation of adhesives adopted alkaline pH conditions as those obtained by addition of 1-8
M urea and guanidine to favour protein denaturation and improve mechanical properties [25].
Protein denaturation is essential to favour exposure of the aminoacidic residues, particularly lysine
amino groups, to the medium, allowing interaction with additives or cross linkers. In the present
study interaction of aminoacidic residues with polyphenols and their oxidation products was
expected to modify the properties of SPI. Use of strong alkaline conditions was discarded to avoid
oxidative degradation of the polyphenols and their oxidation products as well as to make the
hydrogel preparation conditions compatible with their use in tissue repair. Systematic investigation
of thermal denaturation conditions allowed to select proper treatment of SPI and a protocol was
eventually developed for preparation of hydrogels from SPI incorporating the polyphenols. The
choice of the polyphenols, i.e. caffeic acid (CA), chlorogenic acid (CGA) and gallic acid (GA),
was guided by consideration of their availability, the widespread occurrence in plant sources and

sufficient knowledge of the oxidation chemistry.

In brief, SPI was dissolved in water (at 10% w/w) and taken for 1 h at 85 °C, a temperature at
which protein denaturation occurs. The polyphenol component was then added, and the final
solution brought to 50 °C and to pH 9 and taken in air for 2 h. Under these conditions a smooth
oxidation of the polyphenol component is expected to take place. The final concentration of the

polyphenol was selected based on experiments carried out over the range 10-30 mM aimed at
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optimizing polyphenol consumption. During this treatment a hydrogel is formed that acquires a
consistency higher than that of SPI subjected to the same conditions, but in the absence of the

polyphenols.

Clear evidence of the interaction of SPI with the polyphenol was obtained in the case of CGA from
the development of a bright green color in the hydrogel that was formed. Generation of
benzacridine pigments by oxidative coupling of caffeic acid esters including CGA in the presence
of amines and amino groups of proteins has been described previously [28] (Figure 1). On the
other hand, aerial oxidation of CGA under the same conditions gave a brown solution indicating

the involvement of the protein in the green pigment formation. (Figure S2).

The optimized protocol was extended to the other polyphenols selected. The hydrogel obtained in
the presence of caffeic acid and gallic acid were yellowish brown in color (Figure S3). In all cases
the hydrogel was recovered by centrifugation of the final mixture to remove the supernatants.
These latter were subjected to spectrophotometric analysis to evaluate the consumption of the

starting polyphenol that proved almost complete for all the polyphenols (data not shown).
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Figure 1. Schematic outline of the procedure for the preparation of SPI/polyphenols hydrogels
exemplified for CGA; shown is also the supposed mechanism of interaction of CGA with the SPI

residues.
3.2 Mechanical properties

A preliminary evaluation of the properties of the materials prepared as glues and their underwater
resistance was obtained by a simple test involving application of the adhesive on wood specimens
that are then pressed together with a clamp for 24 hours and soaked in water (Figure S4). They
were periodically checked till detachment of the wood specimens.

The resistance of the glue obtained from SPI/CGA was 22 days, a value to be evaluated against

that of SPI subjected to the same treatment, but in the absence of additives, that was only about 24
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h. A lower resistance was exhibited by SPI/CA and SPI/GA glues with values of 9 and 5 days,
respectively, as reported in Table 1.

The failure stress of the adhesive was determined by measuring the lap shear strength, measured
as the failing load divided by the bond area (in these experiments 4.0 cm?), by use of an Instron
testing machine. The failure modes for all test specimens showed a cohesive failure within the
adhesive, as shown in Figure S5 for the SPI/CGA sample, which highlighted the good interaction
between adhesive and wood substrate. The results of lap shear tests are reported in Table 2. SPI
Urea glue described in previous reports for its good performance [25] was also tested for
comparative purposes. The soy protein-based adhesive samples showed stress values ranging from
2.1 (SPI/urea) to 3.2 (SPI/CA) MPa. The remarkable performance of SPI/CA is likely related to
the comparatively more compact morphology of this sample that showed a homogeneous and
dense structure, as highlighted by SEM observations (see section 3.3). Under the same
experimental conditions, a commercial vinyl acetate-based adhesive used as control yielded a
value of 4.0 MPa, while strengths 0f2.0-2.5 MPa have been recently reported for polyamidoamine-
epichlorohydrin and tannic acid-crosslinked soybean meal adhesive [29], confirming the good

performance of the SPI samples reported herein.

In further experiments the underwater resistance of the SPI/polyphenols glues was tested using
chicken skin that has been subjected to a defatting treatment and repeatedly washed as previously
described (Figure S6) [26]. Yet, the underwater resistance proved in all cases quite poor with
values not exceeding 30 min. On this basis other experimental conditions were explored that
seemed also more relevant to the potential use of the hydrogels as surgical glues. Slices of chicken
breast muscle were glued by application of the SPI/polyphenols hydrogels and then immersed in

PBS. The results shown in Table 1 indicated adhesive/cohesive properties of SPI/polyphenols
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hydrogels, the best results observed with GA, but also with CGA the resistance was satisfactory.
The difference in the nature of the adherends clearly accounts for the responses observed in the

wet resistance test and, more importantly, in all cases the performance of the SPI/polyphenols

materials were superior with respect to SPI alone.

Table 1. Underwater resistance of wood specimens and chicken muscle slices glued with SPI or

SPI/polyphenols. Shown are the mean of experiments in triplicate. SD+1

Underwater resistance (days)

Adherend SPI SPI/CA SPI/CGA SPI/GA
Wood specimens 1 9 22 5
Chicken muscle slices 1 2 7 15

Table 2. Lap shear strengths of single lap wood joints glued with SPI-based adhesive, and a reference vinyl

adhesive.

Sample Lap shear strength (Mpa)
SPl/urea 2.07+0.70
SPI/CGA 2.16+0.41

Vinyl adhesive 4.02+0.83
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SPI /CA 3.21+£0.19

SPI/ GA 2.40+0.37

Furthermore, the viscoelastic properties of the SPI-based adhesive were assessed by oscillatory
rheology. The interval of linear viscoelasticity of the gels was preliminary determined, and a value
well above 1% strain was recorded (Figure S7). Frequency sweep tests were then performed at 2%
strain to gather information on the dependence of storage (G’) and viscous (G”) moduli, and

complex viscosity n* on the frequency (Figure 2a, 2b).

For all samples, both G’ and G” displayed a negligible change with increasing frequency over the
explored frequency range, suggestive of the presence of a crosslinked structure. Additionally, G’
values were about 1 order of magnitude higher than those of G”, indicating a predominantly elastic,
solid-like behavior of the hydrogels. In particular, for all samples storage modulus values were
above 1000 Pa, while loss moduli were in the 200-500 Pa range, due to a moderate degree of
physical or chemical cross-linking. Such viscoelastic features are suitable for applications
requiring stiffness and resilience [30], and the measured values were significantly higher than G’
values found for SPI water dispersions [31] yet comparable to those measured for SPI hydrogel
containing processed spirulina platensis as a mechanically structuring additive [32]. From a
comparison of the equilibrium shear modulus of the hydrogels, measured at the low-frequency
limit value of G’, it turned out that SPI/CGA and SPI/CA displayed lower viscoelastic properties
(1950 and 1840 Pa, respectively) than SPI (2530 Pa), while SPI/GA was even stiffer than the latter
(2730 Pa). This apparently odd behaviour suggests that the viscoelastic properties of the hydrogels

depend on several factors, including the dilution effect of the polyphenol addition which causes
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the moduli values to decrease, and the crosslinking reaction between phenols and aminoacidic
residues of SPI responsible for a tighter structure. In the case of CGA and CA, the former effect
was prevailing, with a partial disentanglement of the SPI chains, which led to lower moduli values.
On the other hand, GA reacted more efficiently with the amino groups of SPI (see Section 3.3 and

Fig. 3a), resulting in a hydrogel with higher viscoelastic properties.

The complex viscosity values (n*) of the SPI-based hydrogels decreased with increasing frequency
(Figure 2b), proving the shear thinning behavior of the samples, stemming from the weakening of
the intermolecular forces within the gel which triggers molecular motion at higher shearing rates.
The complex viscosity values also confirmed that SPI/GA and SPI hydrogels were tighter
compared to SPI/CGA and SPI/CA. As an example, at 10 rad s SPI/GA displayed a value of 388
Pa s, to be compared with 253 Pa s of SPI/CA. The slope of n* as a function of the angular
frequency is a parameter which describes the resistance of the gel to flow and measures the
deviation of the fluid from the Newtonian behavior [33]. Generally, polymer systems with low
slope values have higher entanglement density and are more difficult to disentangle under shear
[34]. The slope values of the SPI-based hydrogels were in between 0.91 and 0.92, indicating that
all samples are prone to flow when subject to a shearing force, thus confirming the feasibility of

their use as tissue adhesives.
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Figure 2. Rheological properties of the SPI-based crosslinked hydrogels. Dependence of (a)

viscoelastic moduli and (b) viscosity on the angular frequency.

3.3 Structural and morphological characterization

In order to get an insight into the mode of interaction of the polyphenols with the soy protein under
the reaction conditions adopted, different characterization techniques were used. The amounts of
SH and NH» groups in SPI further to the reaction with the polyphenols were determined by
conventional chemical assays based on the Ellman’s reagent and o-phthalaldehyde reaction,
respectively, followed by spectrophotometric determination. The plot in Figure 3a shows a
substantial involvement of SH groups in the SPI/polyphenols hydrogels compared to SPI alone
after denaturation. An SH content value of 1.8% w/w was evaluated for the denatured SPI based
on a calibration curve using glutathione as reference thiol. As to the reacted amino groups, SPI/GA
showed the highest involvement of these groups with respect to SPI followed by SPI/CA and its
ester SPI/CGA. The content of NH> group of denatured SPI was 3% w/w as estimated based on a
calibration curve built using alpha N~BOC lysine as a reference amino compound. For either assay

the absorption contribution of the materials to the detection wavelength was duly considered.
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These results show an involvement of both the amino and sulfthydryl groups of SPI in the reaction
with the species generated by oxidation of the polyphenols investigated to a variable extent. The
covalent interaction of tannins featuring polyphenols moieties with amino groups of SPI residues
have been previously documented by MALDI MS analysis.[35] Further insight into the mode of
interaction of the polyphenols with SPI was provided by ATR FT-IR analyses that was carried out
on the glues as lyophilized powders. Given the small amount of the polyphenol with respect to SPI
in the final materials, differential ATR FT-IR spectra were considered as obtained by subtracting
the SPI spectrum from those of the SPI/polyphenols (Figure 3b). The spectra obtained for SPI and

SPI/polyphenols are shown in Figure S8

The main differences were noticed in the 3500-3000 cm™ (Band 2) range and particularly in the
region above 3300 cm™! (Band 1), reflecting the involvement of the amino groups of SPI in the
reaction with the polyphenols and their oxidation products [36]. The contribution of the OH groups
of the polyphenol moieties to the complex broad band observed in this region should also be
considered. Moreover, a change in the ratio of the bands at around 1625 cm™! (Band 3), and 1545
cm ! (Band 4), with respect to those observed for SPI alone, would indicate that bands due to C=0
stretching of the carboxyl groups and the C=C stretching of the aromatic ring of the polyphenol
components overlap and contribute to some extent to the dominating amide I and II band of the
protein in the SPI/polyphenols materials. This observation is in line with previous reports
indicating slight changes in the SPI main bands further to physical/chemical crosslinking with
caffeic acid [19].

The SPI/ polyphenols hydrogels were also subjected to EPR analysis. This represents the
methodology of choice for detecting structural modifications in polymeric phenolic systems as

reflected by the different type and amount of radicals arising from quinone/catechol
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disproportionation [37]. Preliminary analysis of denatured SPI showed an asymmetrical free-
radical signal (Figure 3c). Similar signals were reported in the literature and ascribed to carbon-

centered radicals formed in the dry protein during storage exposed to oxygen and trapped in the

solid matrix [38,39].

In Figure 3d spectra obtained from SPI/polyphenols (full lines) are shown in comparison with
those of the polymers prepared from oxidative polymerization of the polyphenols alone under the
same conditions used for SPI/polyphenols reactions (in air, pH 9, 50°C, dotted lines). All spectra
exhibit roughly a similar lineshape, i.e. a singlet at a g-factor value slightly higher than that
observed for the denatured soy proteins (Table 3), suggesting the contribution of heteroatoms to
the molecular orbitals in which the free-electrons are delocalized. The lineshapes are intermediate
between the lorentzian and the gaussian derivatives. A lorentzian lineshape is generated by the
presence of a single population of equal radicals, while a gaussian lineshape arises from the
convolution of signal distribution; consequently, our results indicate that an ensemble of similar,

but not completely equal, radical species contribute to the observed signal.
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Table 3. EPR spectral parameters of SPI and SPI/polyphenols. Data for the materials obtained by oxidation

of polyphenols at pH 9 in air in the absence of SPI (polyphenol polymers) are shown for comparison.

Gaussian
Sample Spin density/g™! AB/G (£ 0.2) g-factor (+ 0.0003)
contribution

SPI/CGA 2.1 x 10" 5.4 0.74 2.0040

CGA 2.7 % 10" 3.9 0.72 2.0040
SPI/GA 9.8 x 10" 6.7 0.35 2.0046

GA 1.9 x 10" 3.0 0.49 2.0045
SPI/CA 3.1 %10 6.2 0.72 2.0039

CA 1.0 x 10'® 6.1 0.64 2.0049

SPI 3.4 x 10 5.5 - 2.0027

In the case of CA, an almost symmetric, broad signal is observed both in the presence and in the
absence of soy proteins. The spin density is for both samples higher than that of the soy proteins.
The decrease of spin density (2 order of magnitude) observed for the SPI/CA sample compared to
CA polymer roughly reflects the amount of the CA-derived components present in the final
material that is around 1%. The prevailing gaussian line shape suggests a polydisperse nature of

the radical centers, not altered by the presence of the protein.

The polymer from GA exhibits a narrow symmetric line, whose prevailing lorentzian lineshape
reveals a relatively narrow dispersity of resonant radical nature. The GA polymer has a scarce
attitude to stabilize radicals (note the low spin density). The asymmetric line registered in the

SPI/GA clearly shows the superposition of the signals from the protein and the GA polymer, which
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also explains the seemingly increased signal broadness of the composite signal, quantified by the
peak-to-peak distance in G. The spin density is for both samples of the same order of magnitude

of that observed for the protein.

In the case of CGA, almost symmetric signals are observed for both the CGA polymer and the
SPI/CGA. The spin density of the CGA polymer is in line with those reported for other polyphenol
polymers [37] and notably remains unaffected in the SPI/CGA hydrogel in spite of the approx 1%
w/w content of the CGA derived species in the final material. In this case, the significant increase
of broadness (DB from 3.9 to 5.4 G passing from the CGA polymer to the SPI/CGA) cannot be
ascribed to the superposition of the weak protein signal. Consequently, our results indicate that the
interaction of CGA oxidation products with the protein results in species featuring a marked radical
character. For both samples the prevailing gaussian line shape is suggestive of a polydispersity of

the radical center nature.

Inspection of the normalized power saturation profiles (Figure S9) reveals a decrease at high
microwave power for all samples, indicating that all the spins present in the samples have similar
relaxation behavior. For CGA and GA, the materials obtained in the presence of the protein show
shifts of the maximum to higher microwave power compared to those of the CGA or GA polymers,

suggesting that the protein affects the relaxation behavior of the oxidation species thereof.

Overall, for all polyphenols, the presence of SPI affects the EPR spectroscopic parameters,
indicating some interactions to occur between the proteins and the oxidative polymerization
products. The different effects observed depending on the considered polyphenol suggest that

different interactions can take place.
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The microstructure of the SPI/polyphenols was investigated by SEM analysis (Figure S10). SEM
images of samples are shown in Figure 3d. The pristine SPI gel (Figures 3d panel 1) shows a loose
structure, with large and irregular macroporosity and pore size in the range 20-150 mm, indicating
poor connection of protein molecules in the gel. The gels obtained from SPI with CGA or GA
(Figures 3d panel 2,3) still show the large presence of macropores, whose dimensions are
comparable to those found for pristine SPI, but the formation of a more irregular and corrugated
morphology, with several creases on the walls of the sample surface, is observed. A different
microstructure was instead observed for the SPI/CA gel (Figures 3d panel 4). In comparison to
other samples, SPI/CA shows a more compact morphology, with only a few macropores on the
sample surface, indicating that CA can promote the formation of a more homogeneous and dense
protein gel structure. Such feature may well account for the good performance of the SPI/CA

hydrogel as glue in the adhesive tests described under 3.2 section.
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SPI. Shown are means of triplicates + SD; (b) Differential spectra obtained by subtracting SPI
spectrum from those of the SPI/polyphenols samples; (¢) EPR spectra of SPI and SPI/polyphenols.
Data for the materials obtained by oxidation of polyphenols at pH 9 in air in the absence of SPI

(polyphenol polymers) are shown for comparison; (d) SEM images of SPI (panel 1), SPI/CGA

(panel 2), SPI/GA (panel 3), SPI/CA (panel 4).
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3.4 SPI/agarose/polyphenols hydrogels

Encouraged by the interesting properties exhibited by the SPI/polyphenols hydrogels we looked
for expanding the potential application of these materials, e.g. for wound dressing use. To this aim
different additives and reaction conditions for imparting resilience, stretchability and toughness to
the materials were investigated. Finally, an optimized protocol was developed that used agarose

as additional component.

An agarose/SPI gel was prepared from an agarose solution in water and thermally denatured SPI
at 70 °C. After cooling in a Petri dish, the resulting hydrogel was immersed in 10 mM water
solution of the appropriate polyphenol at pH 9. In the case of CGA after 2 h the resulting gel
develops a green color, due to the formation of the benzacridine species, indicating that CGA is
able to permeate the hydrogel and to interact with SPI. The protocol developed was extended to
the other polyphenols selected. All the hydrogels were dried in air, and then rehydrated before

evaluation of their mechanical properties.

The hydrogelsobtained under these conditions were translucent and smooth-faced, maintaining the
exact shape of the mold. They exhibited good stretchability and excellent toughness. Subjected to
compression force the hydrogel returned to its original cylindrical shape. Also, the mechanical
properties of the hydrogel films were very satisfactory. Owing to the excellent stretchability and
compressive performance, the hydrogel could be applied on human joint with different bending
without a feeling of any hindrance (one of the authors volunteered for these experiments) (Figure
4). These properties are shown in Figure 4 for the SPI/agarose/CGA hydrogel as representative
example.

The hydrogels showed a long term and repeatable adhesiveness to a variety of substrates both

hydrophilic and hydrophobic in nature including glass, steel, polypropylene, polycarbonate
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(Figure 5). Moreover, excellent adhesive performance was observed on the skin surface. Notably
the hydrogel sticking to the skin did not induce anaphylactic reactions. Moreover, the hydrogel
could be peeled off without leaving any residue. The hydrogel maintained good adhesion even
after 25 repeated peeling/adhering cycles. The adhesiveness to glass as well as to chicken and

human skin was maintained also under water.

Bending 60° — Bending 90° |:

Figure 4. Macroscopic demonstration of the physical properties of the SPI/agarose/CGA hydrogel:
(a) Plasticity-shapeable properties of the hydrogel; (b) Mechanical performance of the hydrogel:
bending and crossover stretching. The hydrogel quickly returned to its original shape after
removing the twisting force; (¢) Compressive strength with 20 g of H2O; (d) The hydrogel tightly

adhered to a human finger and accommodated its movements.
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Figure 5. Repeated adhesion properties of the SPI/agarose/CGA hydrogel: (a) Adhesion of the
hydrogel to various materials; (b) The hydrogel exhibited no residue after being peeled from arm
skin and (¢) The hydrogel was repeatedly adhered to human skin showing no irritation; (d)

Underwater resistance of SPI/agarose/CGA hydrogels on glass, chicken skin, human finger.

In view of the potential application of the air-dried SPI/agarose/polyphenol hydrogels as wound
dressing devices the water vapor permeability (WVP) of the films was measured.

Generally, the addition of an additive in a polymer hydrogel can modify its properties by reducing
the intermolecular interactions between the polymer chains or by creating structural defects, which

increase the WVP of the hydrogels.
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Table 4. WVP results of the hydrogels.

Sample WYVP (g/m Pa s)
SPI+agarose 5.13£0.27 x 102
SPI+CA 4.64+0.22 x 107!
SPI+GA 3.88+0.18 x 107!
SPI+CGA 4.99+0.22 x 107!

Based on the data listed in Table 4, the addition of all the polyphenols in the hydrogel formulations
led to an increase in water vapor permeability of about 1 order of magnitude with respect to
SPI/agarose. This was likely due to the clustering of the polyphenol molecules in the polymer
matrix, resulting in a discontinuous structure of the hydrogel film. The obtained values of WVP
were about two orders of magnitude greater than those reported for the films made from

commodity polyolefins such as low- and high-density polyethylene.

3.4.1 Tensile properties

Tensile properties of SPl/agarose and SPIl/agarose/polyphenol hydrogel films were also
investigated. Representative stress-strain curves of the films are shown in Figure 6a (S10), while
the calculated tensile properties are summarized in Figure 6b (6). Due to remarkable influence of
the humidity relative content on the mechanical properties of the hydrogels, the tensile tests were
performed at 50% RH. SPI/agarose exhibited tensile modulus and stress at break values of about
800 and 18 MPa, respectively, which are comparable to those reported for glycerol-modified soy
protein isolate films [40]. The low strain at break value (about 5%) highlighted the brittle nature
of SPI, due to the absence of plasticizers. Incorporation of phenol crosslinkers significantly

impacted the mechanical behavior of the SPI hydrogels. In particular, a decrease in tensile modulus
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and stress was noticed for all SPI/agarose/polyphenols hydrogels, alongside an increase in their
deformability. As an example, in the case of SPI/GA modulus dropped to less than 100 MPa, while
elongation at break increased to about 33%. Therefore, the polyphenols acted as plasticizers for
SPI, as they might hinder the intermolecular interactions between SPI chains, and the occurrence
of chain crosslinking also favored their unfolding under uniaxial stress, resulting in reduced tensile

strength and increased ductility [41].
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Figure 6. Tensile properties of SPI of the SP1/agarose/polyphenols hydrogel films. A)

Representative stress-strain curves; b) Plot of the calculated tensile parameters.

3.4.2 Cytocompatibility and wound healing properties

To assess the therapeutic potential of SPI/agarose/polyphenols hydrogels, we analyzed their
cytotoxic effects towards human keratinocytes (HaCaT cells) and Human Dermal Fibroblasts
(HDF cells) (Figure 7a). A slight toxicity was detected at the concentrations of the

SPI/agarose/polyphenols tested, even if it appeared not statistically significant.

We also performed experiments to test whether the hydrogels were able to stimulate wound re-

epithelialization by human keratinocytes (HaCaT cell line). To this purpose, we performed an in
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vitro wound healing assay to evaluate hydrogel effects on cell migration. HaCaT cell monolayers
were wounded with a pipette tip to remove cells from a specific region of the monolayers. Cells
were then washed with PBS and incubated with different mixtures of the SPI/polyphenol hydrogel
components. Figure 5b shows the images of wound healing experiment on control cells, and on
cells treated with SPI/polyphenols, CGA chosen as a most representative example, acquired at to
and t24 h of incubations. The percentage of closure was calculated as the ratio of the defect area at
the final time with respect to the starting time as determined by using Zen Lite 2.3 software for the
cells treated with each SPI/polyphenol system. Values in Table 5 are the mean of triplicates (Table
5). As reported in Figure 7c and Table 5, SPI/CGA hydrogels were capable of significantly
reducing the closing rate of the scratched area in human keratinocytes with respect to the untreated
cells, whereas no significant changes of wound healing rate were observed in the case of the other

SPI/ polyphenols hydrogels.
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Figure 7. (a) Biocompatibility of SPI based hydrogels on HaCaT and HDF cells after 24 and 72 h
of incubation. Cell viability was assessed by MTT assay and expressed as the percentage of viable
cells with respect to controls (untreated cells). Error bars indicate standard deviations obtained
from at least three independent experiments, each one carried out with triplicate determinations.
(b) Wound healing activity of SPI-hydrogels on HaCaT cells monolayer. Cells were wounded prior

to treatment with each compound for 24 h. Images were acquired at to and t4 h of incubations.

Table 5. The percentage of closure was expressed as the ratio of the areas at ty and to4 h evaluated using

Zen Lite 2.3 software. *P < 0.05 was obtained for control versus treated samples.

Sample Reduction of Area (fold)
CTRL 0.97+0.03
SPI+CGA 1.35+0.01
SPI+CA 1.01+0.03
SPI+GA 0.96 + 0.04
SPI 0.77 £ 0.49
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3.4.3 Hemocompatibility

To evaluate blood behaviour in contact with the hydrogels, hemocompatibility assays were
performed (Figure 8). TEG analysis considered four parameters: the reaction time namely the time
between the start of the test and the beginning of coagulation process, physiologically comprised
between 3.8 and 9.8 min; the coagulation time (K), that measures the length of the coagulation
process, usually it is completed between 0.7 and 3.4 min; alpha angle, which represents the
coagulation velocity and the physiological values are comprised between 47.8 and 77.7 degrees,
Maximum Amplitude (MA), which describes the clot strength and usually is between 49.7 and
72.7 mm. The results obtained from TEG analysis showed that all the hydrogels tested did not alter
the physiological behaviour of the blood, because all the considered parameters were found inside
the range of healthy blood. Moreover, there is no significant differences between the different
hydrogels, which indicates that the polyphenols addition did not alter the hemocompatibility of

SPI.

To further confirm the results obtained through TEG analysis, blood clot formation assay was
performed. The results support the previous findings, because no significant differences were
observed between controls and hydrogels, which means that also in this case blood natural
behaviour was not altered by contact with SPI and polyphenols. The lack of differences between
the polyphenols was also confirmed because no significant difference was shown by blood

coagulation on the different hydrogels.

For all the samples SEM analysis displayed inactive platelets, alongside white and red blood cells.
These results indicated that none of the hydrogels activated blood coagulation and further

confirmed the previous results about the influence of the hydrogels on blood behavior. Overall,
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the results seem to indicate that the hydrogels, with or without polyphenols, did not affect blood

coagulation.

(@ 10
8
z 6
E
& 4
2
0
(© 80
60

Angle (deg)
>
S

[
=1

®

111

) 3

2 j i i
1
0

K (min)

|

SPI/Agarose SPI/CA  SPIICGA  SPI/GA SPI/Agarose SPI/CA  SP/CGA  SPI/GA
(d) 100
80
E 60
£
S
20
0
SPIAgarose SP/CA  SPICGA  SPI/GA SPUAgarose  SPICA  SPI/CGA  SPI/GA
© 12
@acCtrl
. mSPI/Agarose
ESPICA
BSPICGA
g iR mSPI/GA
=3
-
w)
% 0.6
2
<
04
0.2
0
it 3 5 10 20
Time (min)
SPI SPI/CGA SPI/CA SPI/GA

37



Figure 8. Coagulation Parameters: (a) Reaction time (R); (b) Coagulation time (K); (c)
Coagulation velocity (alpha angle); (d) Clot strength (MA) (e) Clotting time of SPI/agarose
hydrogels with and without polyphenols. (f) SEM of SPI with and without polyphenols in the

hemocompatibility test.

3.4.4 Antibacterial activity

Air-dried SPI/agarose/polyphenols hydrogels were tested for their antimicrobial activity against a
panel of ubiquitous pathogenic bacteria, such as Staphylococcus, Acinetobacter and Pseudomonas
species. The ability of the SPI/Agarose-based hydrogels to inhibit bacterial growth was assessed
by evaluating the appearance of the inhibition halo on inoculated plates (Figure S11). As reported
in Figure 9, all the hydrogels were able to induce the death of Gram-positive Staphylococcus
species, either on S. aureus ATCC 12600, S. epidermidis ATCC 35984 or clinically isolated MRSA
WKZ-2 strain. On the other hand, only the SPl/agarose/CA proved active against the Gram-
negative 4. baumannii ATCC 9606 strain.

To further investigate the antimicrobial activity, the percentage of bacterial growth in liquid
medium was evaluated in the presence or in the absence of the hydrogels. An almost complete
suppression of bacterial growth in the case of Staphylococcus and Acinetobacter baumannii strains
(max. value 0.002048), and a complete death of S. epidermidis cells in the presence of SPI/CA and
SPI/GA hydrogels were observed. Interestingly, all the hydrogels were able to significantly reduce
the survival also of Pseudomonas aeruginosa cells, and more than 50% reduction was observed in

the presence of the SPI/agarose/GA and SPI/agarose/CGA hydrogels.
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Altogether, these findings suggest the possibility to employ the SPI-based hydrogels here
described to counteract the growth of common pathogens, opening interesting perspectives to their

applicability for topical treatment of bacterial infections.

(a) _ 25 -

E — M SPU/Agarose (b)

[—3
v M sprca g
E 20 o~
*.E's W sPrcca 3
K] -l SPIGA 3]
15 =
s g
T 10 B
B

=
| <
4 P
E 5

0

&
& § & ¢
R
& & § &
& & & £
§ 5 F
< Ao
o Q
(<) 120 : SPI/Agarose
- SPUCA
& 90 * B sprcca
= wnw] WSPLGA
g 60 B
o
fa0 P
3
L]
5
heslevie sedevie Kk R L
0
D o
X ~ 3 Q
3 & 5 el
v &8 ] &
9 & o & )
S & & <
S hod & - o
\ad & A &
& & i & A
& = & & L3
& =y & o
& -~
@ '-Pz, :Q@ ‘?Qc
& v &
& ]

Figure 9. (a, b) Antimicrobial activity of SPI/agarose-based hydrogels. Agar diffusion assays were
performed and the diameter of zones of inhibition were calculated and reported for each sample.
(c) Experiments were also performed by determining the ability of samples to inhibit bacterial

growth in liquid medium used. Each graph refers to at least a biological duplicate and statistical
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analyses were performed by using Student’s t-test. Significant differences were indicated as *P <

0.05, **P <0.01 or ***P < 0.001.
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Figure 10. Proposed mode of interaction of the polyphenols investigated with denatured SPI.

Conclusions
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In the present work we developed hydrogels from all natural accessible ingredients that is a protein
fraction, the main industrial waste of soybean processing, and plant derived polyphenols, through
an easy-to-do reaction requiring aqueous slightly alkaline medium under aerobic conditions. The
hydrogels showed remarkable adhesive/cohesive properties, and an excellent underwater
resistance under conditions of relevance for their use as surgical glues. Hydrogels endowed with
good mechanical properties with a potential as wound dressing devices were obtained by inclusion
of agarose in the formulation. These latter proved biocompatible, hemocompatible, not harmful to
skin, and displayed durable adhesiveness. Additionally, they demonstrated excellent contact-active
antibacterial properties and in some cases a favourable wound healing activity. The possibility to
impart the hydrogels additional properties e.g. slow release of drugs as reported for gentamycin
antibiotic [44] represents a research goal to be pursued in the next future. The hydrogels described
in the present work further expand the use of soy protein as the main component or additive for
fabrication of devices intended for wound dressing as reported in recent research works [45,46] as
they combine the advantages of the interaction of polyphenol derived products with SPI for
ameliorating its mechanical properties, particularly underwater resistance with the

biocompatibility and hemocompatibility of SPI [47].
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