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ABSTRACT ARTICLE HISTORY
Regenerative medicine is an emerging field that aims in healing damaged tissue. The choice of Received 5 June 2019
the crosslinking agent is one of the most critical requirements for the development of three- Accepted 6 October 2019

dimensional scaffold devices. This study aimed to investigate the effects of proanthocyanidins (PA)
and glutaraldehyde (GA) associated with plastic compression method on the properties of the
dense lamellar. The physiomechanical and physical-chemical properties of the scaffolds were eval- lamellar scaffold:

uated. The antioxidant activity was investigated by 2,2-diphenyl-1-picrylhydrazyl method; viability glutaraldehyde; blastic
and proliferation cellular were evaluated by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium compression; proanthocya-
bromide and imaging cytometer (H9c2 cells). The effect of the crosslinking agents modified the nidin; regenera-
physiomechanical properties but did not modify the mucoadhesion properties. Proanthocyanidin- tive medicine

scaffold has the ability to bind water's molecule and to reduce the space between polymeric

chains. Proanthocyanidin-scaffold and GA scaffold showed, respectively, 44 and 17% of antioxidant

activity. Both crosslinking agents did not influence the viability and proliferation of H9c2 cells.

Considering the anisotropic structure, and the physiomechanical properties, cellular compatibility,

and protective action against reactive oxygen species, this study may provide a way to improve

the inverse modulation of heart tissue, after infarct acute of the myocardium.
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Cardiac scaffold; dense
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HIGHLIGHTS

e Tissue engineering has emerged as a promising alternative for cardiac regeneration.
e Dense lamellar scaffolds were obtained by plastic compression method.

e Crosslinking agent was important to modulate the physicochemical properties.

e Biomimetic properties as anisotropy and elasticity were obtained.

e The study may provide a way to improve the inverse remodulation of heart tissue.

Introduction stage of most types of cardiovascular disease, preceded by

. . . myocardial infarction, hypertension, arrhythmia, and a var-
Cardiovascular disease is one of the most severe health Y > 1YP ’ ¥t ’

problems in the world, and it yields a high level of mortal-
ities every year. Normally, heart failure is the final common

iety of cardiomyopathies. Heart muscle cells lose their cap-
acity to divide early after birth. The loss of a relevant
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fraction of myocytes (e.g., during myocardial infarction)
leads to a permanent reduction in contractile function and
eventually heart failure.!"?!

Regenerative medicine is an emerging field that aims in
improving or repairing the performance of damaged tissue
or organ. Numerous strategies, including the use of materi-
als and cells, as well as various combinations thereof, to take
the place of missing tissue, effectively replacing it both
structurally and functionally, or to contribute to tis-
sue healing.>*

Scaffolds are three-dimensional (3D) and porous struc-
tures that can be produced using biopolymers able to
mimetic the extracellular matrix (ECM). The scaffolds
should be able to mechanically support the native tissue
during the necessary time of regeneration repair, and it also
plays an important role in providing essential signals to cell
activities. The choice of biomaterials and the selection of the
experimental conditions for the design of these scaffolds are
important parameters to assuring the appropriate setting for
cell’s growing and proliferation into the 3D matrices.”*”!
Based on this concept, cardiac tissue engineering has been
introduced as a promising technique to benefit patients with
cardiovascular disease.!"!

The stiffness of myocardial is between 10-20kPa earlier
of diastole, and 200-500kPa at the ending of diastole.
Although the materials should be designed to be propor-
tional to the fractional volume of the scaffolds, the use of
stiffer materials can contribute to attenuate the stress in the
cardiac wall.!®!

Proteins and polysaccharides are considered promising
natural molecules for the design of 3D scaffolds with biomim-
etic characteristics of original tissue. Type I collagen makes
up about 80% of the collagen matrix in cardiac tissue, making
this biopolymer an attractive for the manufacture of scaffolds
for cardiac tissue. Collagen in combination with other bioma-
terials such as chitosan showed an increase in the elastic
modulus, which makes it more suitable for the stabilization of
the ventricular wall. Chitosan (Qt) is a natural polymer com-
posed of glucosamine and N-acetylglucosamine. A chitosan
hydrogel has been designed, which improved the survival of
embryonic stem cells and the differentiation of cardiomyo-
cytes in a rat infarction model.*~'"

The silk fibroin (SF) is a natural polymer with biomedical
applications due to its characteristics of oxygen and water
permeability, cell adhesion and growth, low thrombogenicity
and inflammatory response, and high tensile strength with
flexibility.""*) Hyaluronic acid (HA) is a natural polysacchar-
ide which, together with collagen, is one of the most abun-
dant components of ECM. In addition, HA-containing
devices offer advantageous properties such as bioresorbable,
inhibition of scar formation, and the promotion of
angiogenesis.[l3]

The major problem associated with collagen gel for myo-
cardial use is its low density; thus it occupies a large vol-
ume.' The plastic compression, where the collagen gels
are subjected to uniaxial compression using a strain rate,
forcing free water out of the matrix in the transverse plane
and densifying the network of collagen fibrils. The result is

a dense and thin gel with collagen fibrils aligned (aniso-
tropic form). This process associated with freeze-drying can
produce a dense lamellar scaffold with an increase of the
mechanical properties and biomimetic function to ori-
ginal tissue.!"!

Collagen scaffolds produced by plastic compression tech-
nique associated with photochemical crosslinking that has
shown an increase mechanical stability reduce the swelling
rate and increase the time of the disintegration.!'®”)

The crosslinking technology is one of the most import-
ant areas of research focusing on the development of new
tissue engineered that use the proteins and polysaccharides
as polymers."® A crosslinking agent can be physical or
chemical origin, and both are able to connect the func-
tional groups of the polymer chain to another one through
covalent bonding or supramolecular interactions such as
ionic bonding or hydrogen bonding. This crosslink can
affect some physicochemical properties including mechan-
ical properties such as tensile strength, stiffness, and strain,
cell-matrix interactions, performance at higher tempera-
tures, resistance to enzymatic and chemical disintegration,
gas permeation reduction, and shape memory retention of
the products.!'®'"]

An ideal crosslinking agent should not be cytotoxicy for
the myocardium. The crosslinking agent could improve the
mechanical performance of the materials and inhibit calcifi-
cation of the infarcted area. The crosslinking agents for scaf-
folds may be classified as chemical crosslinking agents
(carbodiimide, epoxy compounds, and glutaraldehyde) and
natural crosslinking agents (genipin, nordihydroguaiaretic
acid, tannic acid, and procyanidins). Many aspects of the
natural substances as crosslinking agents have better quality
than the chemical crosslinking agents, especially in terms of
cytotoxicity and anticalcification ability.?>*") The plastic
compression associated with a chemical crosslinking agent
has not related by literature.

Proanthocyanidins (PA) are polyphenolic compounds
known as condensed tannins. Proanthocyanidin is a natural
product with a polyphenolic structure that has the potential
to give rise to stable hydrogen-bonded structures and gener-
ate nonbiodegradable collagen matrices. Mechanisms for
interaction between PA and proteins include covalent inter-
actions, ionic interactions, hydrogen-bonding interactions,
or hydrophobic interactions.'® The stability of these cross-
links compared with other polyphenols suggests a structure
specificity, which encourages hydrogen binding and creates
hydrophobic pockets. Proline is an amino acid with carbonyl
oxygen adjacent to secondary amine nitrogen and it is
hydrogen acceptor. The proline (proteinogenic amino acid)
contributes to the formation of the collagen, and by means
of the hydrogen bonds, it presents high affinity for PA
[(Formatting Citation)].

In addition, the PA possesses antibacterial, antiviral, anti-
inflammatory, antiallergic, and vasodilatory actions.
Furthermore, PA has capacity to inhibit lipid peroxidation,
platelet aggregation, and the permeability and fragility capil-
lary. Proanthocyanidins have been shown to modulate the
activity of regulatory of the enzyme lipoxygenase, protein



Table 1. PA-scaffold and GA-scaffold formulations.

PA-scaffold GA-scaffold

Collagen 109 109
Chitosan hydrogel (3%) 109 109
Poloxamer 407 0.06¢g 0.06 g
Proanthocyanidin 0.08g -
Glutaraldehyde (25% H,0) - 0.08g
Hyaluronic acid (1 %) 0.06g 0.06g
Fibroin solution 4.0mL 4.0mL
Polyethylene glycol 400 (3%) 2.0mL 2.0mL
DMEM 4.0 mL 4.0mL
H,0 ultrapure 8.0mL 8.0mL

kinase C, cyclooxygenase, angiotensin-converting enzyme,
hyaluronidase, and cytochrome P450 activities.'?’!

Glutaraldehyde (GA) has been extensively used as a
chemical crosslinking agent to crosslink various types of bio-
polymeric for tissue scaffolds, hydrogels, and compo-
sites.?**%)  Glutaraldehyde reacts with the amine or
hydroxyl functional groups of proteins and polymers,
respectively, through a Schiff-base reaction and connects the
biopolymeric chains via intra- or intermolecular interactions.
Therefore, all the available free amine groups which are pre-
sent in the chemical structure of protein molecules such as
gelatin, react with GA, forming a more strongly crosslinked
network. !

Although PA crosslinked collagen scaffold has been
studied in a previous study,!'®'****! to date no other stud-
ies have been conducted using plastic compression in associ-
ation to improve the mechanical properties as well as
cellular behaviors on GA as a crosslinking agent for collagen
3D porous scaffolds. This study aimed to investigate the
effects of PA and GA associated with plastic compression on
the properties of the dense lamellar scaffold. Moreover, the
dense lamellar scaffolds should have proper characteristics
about physiomechanical properties, swelling, anisotropic
degree, disintegration, antioxidant activity, and cytotoxicity.
The polymers used to modulate the properties of dense
lamellar scaffolds were collagen, fibroin, chitosan, HA,
Poloxamer 407, and polyethylene glycol 400.

Materials and methods
Materials

Collagen powder type I was supplied by NovaProm Food
Ingredients Ltda. (Brazil). Deacetylate (75-85%) chitosan of
average molar mass, glutaraldehyde, poloxamer 407, and
DMEM were purchased from Sigma-Aldrich Co. (USA).
Proanthocyanidin was purchased from GAMA Ltda.
(Brazil). Hyaluronic acid was purchased from Via Farma
Ltda. (Brazil). Polyethylene glycol 400 was purchased from
Dinamica Ltda. (Brazil). The other reagents were of pharma-
ceutical grade. All samples were used without any chem-
ical treatment.

Preparation of fibroin solution

Bombyx mori SF was prepared after removing of the sericin
by autoclaving (120°C, 15minute and latm.) of silk
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cocoons in an aqueous solution of Na,COj; 0.5 wt%.%2! The
SF was soaked methodically in water to extract the residual
sericin. The degummed SF was dissolved in CaCl,-2H,0/
CH;CH,OH/H,O solution (mole ratio, 1:2:6) at 85°C. The
solution was filtered, transferred to a dialyzer tubing with a
molecular weight cutoff 14,000, and dialyzed against distilled
water for 72 hours to yield fibroin solution (SF). The fibroin
concentration determined by weighing the remaining solid
after drying was 2.7 wt%.

Preparation of hydrogel crosslinked with PA or GA

Formulations of the hydrogels for the manufacturing of scaf-
folds crosslinked with PA or GA are summarized in Table 1.
The collagen dispersion was prepared with 2mL of DMEM,
1 g of collagen type I (COL), and enough ultrapure water to
obtain 10 mL of dispersion. In preparation of hydrogel for-
mulation, the solution of fibroin (SF), Polyethylene glycol
400 (PEG), Poloxamer 407 (P407), hydrogel chitosan (CH)
previously prepared with CH of average molecular
weight,**) and crosslinking agent (PA or GA) were added to
the collagen dispersion following this order. The mixture of
the compound was done by mechanical stirring until obtain-
ing a uniform hydrogel.

Thereafter, the pH of the formulation was adjusted to 10
using NaOH (2M) and added HA to the polymer disper-
sion. To complete the polymerization reaction, the colloidal
dispersions were left at 10°C for 24 hours into a cylindrical
mold with capacity for 4.0cm’, to become a thick solid-
looking gel.

Preparation of dense lamellar scaffolds

Dense lamellar scaffolds were produced by plastic compres-
sion (using a hydrostatic press), as described by our group
in a previously published article.”*! Briefly, the thick solid-
looking gel was placed on a porous support, assembled,
from bottom to top, with absorbent paper layers, one steel
mesh, and two nylon meshes. Subsequently, a static com-
pressive load of 4kN was applied for 10 minutes to the thick
solid-looking gel to remove water and produce a dense bio-
material slightly hydrated and improved biological and
mechanical properties. Finally, the matrices were freeze-
dried, resulting in a low-density crosslinked scaffold.

Physiomechanical and mucoadhesive properties

Texture profile analysis (TPA) was used to measure the
physiomechanical properties (elasticity, flexibility, drilling,
and resistance to traction) of scaffolds. The tests were per-
formed using a Stable Micro Systems Texture Analyzer
(Model TA-XT Plus) in texture profile analysis mode with a
load cell of 5kg. This process was previously described by
Alves et al.**) Briefly, the samples scaffolds, with approxi-
mately 40 mm of diameter, were hydrated for 1hour. The
excess of the water of scaffolds was removed and fixed in
suitable apparatus to each analyzation. The speeds of the
tests were previously defined for a rate of 2 and 0.5mm.
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s~', respectively, for drilling and resistance to traction, and
elasticity and flexibility. Elastic (Young’s) modulus was
obtained by compressed and tension until densification of
the sample. The Elastic modulus was calculated with a strain
ranged between 0 and 5%.

The mucoadhesive properties of scaffolds were evaluated
using a Stable Micro Systems Texture Analyzer (Model TA-
XT Plus) using mucin disks. The mucin disks were prepared
for compression (Lemaq, Mini Express LM-D8, Brazil) with
flat punches, and cylindrical matrix with diameter of 8 mm,
and a compaction load of 8 ton. This process was previously
described, briefly, the mucin disks with a thickness of
0.2mm were previously hydrated and attached to the lower
end of the analytical probe.*®! The scaffold samples with
40mm of diameter were fixed in a suitable apparatus.
Mucin disk attached in the probe was compressed on the
surface of the scaffold with a force of 0.098 N, directed in
the apical — basal way. Contact time between mucin disk
and the sample was of 100 seconds, (this time was previously
established in a prequalification study and has been consid-
ered great to perform an intimate contact of the mucin disk
with the sample). The test was performed with a constant
speed of 10mm.s™'. The force required to detach the mucin
disk from the surface of the scaffold was determined from
the time (s) x force (N) ratio.

Swelling efficiency

The scaffolds were cut in the square shape (15 x 15mm),
weighed, and then immersed in 3mL of PBS (phosphate
buffer saline, pH 7.4) at 37°C for up to 1l4days. As
described at different time points, the samples were
removed, and different measurements to evaluate the cap-
acity to retain PBS fluid were made. The first measurement
was aimed at assessing the ability of the scaffold structure as
a whole (i.e., the material itself together with the pore sys-
tem) to absorb the PBS. For this, at each time point, the
samples were removed from fluid, shaken gently, and then
weighed without dripping (Wws). The second measurement
was carried out after pressing and “drying” the same soaked
samples between sheets of filter paper to remove the water
retained in its porous structure (Wwm).®) In this way, the
swelling ability of scaffold material itself was determined.
The scaffolds were then dried at 37 °C until constant weight
was reached (Wd).**. The percentage of fluid uptake, in
both cases, was calculated as shown (Equation DB

Ww—Wd

Fluid uptake of scaffolds (%) = ( W

)X 100 (1)
where Ww represents Wws or Wwm, and Wd is dry scaf-
fold. Each sample was measured in triplicate.

In vitro degradation study

Proanthocyanidin-scaffold and GA-scaffold were hydrated in
PBS at 37°C to evaluate their degree of degradation.
Scaffolds were cut to square shape (15 x 15mm), weighed
prior to the degradation study (Wd’), and then immersed in

3mL of PBS at 37°C for up tol4 days. At different time
points, they were removed, washed in a large volume of
deionized water to remove buffer salts, and dried at 37°C
until constant mass was reached. Finally, the samples were
weighed (Wa) and the percentage weight loss was calculated
as follows (Equation 2):

Wd’—Wa)
wd
The pH value of the PBS was measured at each time

point using a pH-meter (Tecnal, TE-5, Piracicaba, Brazil).
Each sample was measured in triplicate.

Weight loss (%) = 100 x ( (2)

Porosity, interconnectivity, and pore size

The morphometric characteristics of the porosity, intercon-
nectivity, and pore size of scaffolds were evaluated by com-
puterized microtomography (uCT). The scaffolds pictures
were captured by XRay microtomography (Brucker-micro
CT - Sky-Scan 1174, Belgium) with resolution scanner of
the 28 mM pixel and integration time at 1.7 seconds. The
source of the X-rays was 35keV and 800 A of current. The
projections were acquired in a range of 180° with an angular
step of 1° of rotation. Three-dimensional virtual models’
representative of various regions of scaffolds were created,
and CT Analyzer (v. 1.13.5) mathematically treated
the data.*"

Specific permeability measurement

Specific permeability was measured using a device previously
described by Varley et al. and Gilmore et al.*>*! to main-
tain a constant, respectively, the pressure gradient across of
collagen scaffold and bone scaffold, which was defined by
the hydrostatic water (AP = r.H.g), where basal face of scaf-
fold was exposed to the atmosphere and the apical face was
in contact with water column. The pressure was held con-
stant across the scaffold (thickness scaffold = L) and the
volumetric flow rate (Q) of distilled water across the scaffold
was measured (from the mass of water passing through the
scaffold in a given time). This mass was measured, using a
balance with a precision of 1 mg, and converted to volumet-
ric flow using the fluid density (p =0.998 mg m—>). From Q,
the sectional area (A) and the pressure gradient, AP/L, the
specific permeability, k, was calculated using Darcy’s Law
(Equation 3)L3el,

- QxLxu
~ AxH

in which h, the dynamic viscosity, has units of Pa s and k
has units of m® The viscosity of the water was taken as
8.9 x 107*Pa.s. A total of three samples with 1.5cm diameter
were used. The water column (H) was 56 cm. Furthermore,
a press fit mount was used to prevent scaffold deformation.
The mount aperture was slightly larger than the scaffold
diameter in the dry state. When hydrated, the scaffold
expanded to fill the entire aperture.

3)



Scanning electron microscopy

Scanning electron microscopy (SEM) photographs scaffolds
were obtained using a scanning electron microscope (LEO
Electron Microscopy/Oxford, Leo 440i, England) with a
10kV accelerating voltage. Scaffold samples were previously
frozen with liquid nitrogen, cut out (dimension,
30 x 30mm) and mounted on pins stubs specimen using
carbon double-sided adhesive tape. The samples were spu-
tered coated with gold for 4 minutes at 15 mA, using SC7640
Sputter-Coater.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a
Shimadzu, TA-60, Japan, previously calibrated using indium
as the reference material. A sample of 2 mg was packed in a
hermetically crimped aluminum pan and heated under dry
nitrogen purged at 30mL min~'. The samples were heated
from 25 to 350°C at a rate of 10°C min *.1***”]

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis
(Shimadzu, IRAffinity-1, Japan) was used to collect FTIR
spectra by LabSolutions Software v.2.10. The stretches of the
chemical bonds of the main functional groups of each mol-
ecule making up the sample were determined by an attenu-
ated total reflectance (ATR) over the range between 4000
and 600 cm ™" at 4cm™' resolutions, averaging 128 scans. The
scaffold samples were carefully manipulated and put on the
ATR-8200HA support before each analyzation.!**!

In vitro antioxidant activity

The antioxidant activity, in vitro, of the PA-scaffolds and
GA-scaffolds was determined using an ethanolic solution of
2,2-diphenyl-1-picrylhydrazyl (DPPH) 0.1 mM, as a free rad-
ical, and DPPH as radical sequestering. The absorbance was
determined at a wavelength of 515nm in a spectrophotom-
eter (Lambda 35, PerkinElmer, USA) at 0, 15, 30, 45, and
60min. The tubes containing the samples were kept under
the light. The ability of the radical sequestering sample
(DPPH), expressed as per cent inhibition was calculated
according to Equation 4 and plotted.”®!

Abs1—Abs2

Inibicao (%) = bl

x 100 (4)

Cell viability

Initially, the extract of scaffold was made using a 1 cm” scaf-
fold fragment in 2.5mL culture medium for 24 hours. After
this time, the total cell adhesion treatments were performed
using the extracts at 100, 50, and 25% dilutions, and were
maintained for 24 hours. Approximately, 5 x 10° cells/well
(H9¢2 cells - cardiac myoblasts) were plated in 96-well
plates. The culture medium was removed and 100ul of
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MTT solution (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-
zolium bromide) at 5mg.mL™" was added to each well and
maintained in 37°C for 3 hours. After this, the MTT solu-
tion was withdrawn and 100 ul of DMSO per well was added
for cell attachment. The reading was performed using ELISA
microplate reader at 570 nm. The concentration of material
in this method is equivalent to exposing 1.6 m of material to
a 70-kg individual **>?]

Image cytometer

Approximately, 1 x 10° cells/well (H9c2 cells - cardiac myo-
blasts) were plated in a 24-well plate, at time 0hours, and
was incubated at 37°C - 5% CO, using Minimum Essential
Alpha medium with ribonucleotides, deoxyribonucleosides,
L-glutamine (2mM) and sodium pyruvate (1 mM) to a final
concentration of 10%, without ascorbic acid added of the
fetal bovine serum. After 24 hours and total adhesion of the
cells, they were placed in contact with the material for 48
and 72 hours.?***! The samples were removed from the cul-
tures and the cells were washed with PBS, trypsinized, and
counted using the Image Cytometry technique.***"

Results
Physiomechanical and mucoadhesive properties

Figure 1A-1C shows the results of physiomechanical proper-
ties of the scaffold obtained by plastic compression, 1hour
after hydration. The PA-scaffold showed better results
(p <.05) for drilling, flexibility, and traction properties than
GA-scaffold (Figure 1A). The mucoadhesion property was
similar (p >.05) for both scaffolds (Figure 1A). The Young’s
modulus (Figure 1B) results by tension were 161.23 and
179.97KPa for PA-scaffold and GA-scaffold, respectively.
The Young’s modulus (Figure 1B) results by compression
were 174.01 and 188.77KPa for PA-scaffold and GA-
scaffold, respectively.

The results of relaxation stress are shown in Figure 1C.
PA-scaffold showed the highest level of Fmax. The high level
of firmness in PA-scaffold might owes to the brittle and
rigid network strand. While GA-scaffold exhibited the lower
level of Fmax and this could be attributed to the PA add-
ition that became more flexible the network strands that
were able to distribute force during compression.

Swelling efficiency

The results of scaffold PBS-absorption ability are shown in
Figure 2, where swelling characteristics related to fluid
retained both by the whole scaffold structure (Wwd) in
Figure 2A. Figure 2B shows the scaffold without PBS excess
(Wwe). Both scaffolds (PA and GA) showed a high capacity
for PBS uptake. However, differences in absorption were
observed between the scaffolds with the PA or GA crosslink-
ing agent. In both studies, the GA-scaffold showed, on aver-
age, a fluid retention 1.24 times bigger than PA-scaffold
for 14 days.
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In vitro disintegration study

The resistance of scaffolds to disintegrate in the PBS pres-
ence, at 37°C for 14days was strongly dependent on the
crosslinking agent, as shown in Figure 3A. For GA-scaffold
(Figure 3A) the percentage of mass loss was significantly
higher (~2x) than the PA-scaffolds. At the end of 14 days,
the mass loss was approximately 20 and 9% for GA-scaffold
and PA-scaffold, respectively. The hydrolytic degradation
GA-scaffold and did not cause a significant change in pH
value (Figure 3B), this being maintained in a range of 6.5
and 7.8 throughout 14 days of experiments.

Porosity, interconnectivity, and pore size

The morphological characteristics of PA-scaffold and GA-
scaffold were obtained by uCT and are summarized in Table
2. The pores interconnectivities of the PA-scaffold and GA-
scaffold were 75.23 and 74.74%, respectively. The anisotropy
is associated with lamellar characteristic on scaffolds. The
use of uCT allows to obtain the degrees of anisotropy of the
scaffolds (Table 1), that can range from 0 (the structure is
completely isotropic) to 1 (the structure is completely aniso-
tropic).[*>*!] The values obtained to degrees of anisotropy of
the PA-scaffold and GA-scaffold were 0.99 and 0.81,
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GA-scaffold (p > .05) (n = 3; bar charts represent standard deviation values).

Table 2. Morphological characteristics and anisotropy degree of scaffolds.

PA-scaffold GA-scaffold
Total VOI volume (mm™) 465,925 497,002
Pore interconnectivity (%) 75.23 74.74
Volume of open pores (%) 75.26 47.28
Closed porosity (%) 0.14 0.18
Anisotropy degree 0.99 0.81

respectively. Thus, the scaffolds obtained by plastic compres-
sion technique produced structures anisotropic, that is,
dense lamellar scaffolds.

Permeability measurement

The permeability coefficient can be used as a quantitative
tool to predict the barrier performance of porous media,
and also to estimate parameters as anisotropy or isotropy of
the porous. Likewise, it was possible to use the permeability
of the dense lamellar scaffolds to evaluate the thickness
required, and the plastic compression performance may be
estimated from Equation (3). The permeability coefficient of
PA-scaffold was 7 x 107 and GA-scaffold was
2x 107" m® These results are coherent with the degree of
anisotropy summarized in Table 2.

2
m,

Scanning electron microscopy

Figure 4A and 4B compares the inner morphology of the
PA-scaffold and GA-scaffold Figure 4C and 4D. A continu-
ous structure of interconnected pores with mainly uniform
distribution was obtained in the PA-scaffold, and the same
did not observe for GA-scaffold. The PA-scaffold showed
the uniform rectangular shape in its surface (Figure 4A and
4B), whereas the GA-scaffold showed irregular rounded
shapes (Figure 4C and 4D). The pore dimensions estimated
from SEM microphotographs were mostly in the range of
100-150 um for both scaffolds. The use of PA and fibroin in
formulation associated with plastic compression technique
generated the formation of the sheets in structure surface of
the scaffold (Figure 4A and 4B). The same was not observed
for scaffolds produced with GA as crosslinking agent, in
other words, the crosslinking agents and GA produced dif-
ferent porous structures. The opposite result for PA and GA

structures did not significantly influence the formation of
internal porous.'?!

Differential scanning calorimetry

The DSC thermogram of excipients, PA-scaffold, and GA-
scaffold is shown in Figure 5. The DSC plots give an endo-
thermic peak associated with a helix to coil transition which
indicates the extent of intermolecular —crosslinking.!**
The denaturation temperature (Td) of PA-scaffold and GA-
scaffold was near 90°C. The miscibility can be analyzed
with DSC to determine when has a single glass-transition
temperature (Tgs).””) The Tgs at 220°C to PA-scaffold and
GA-scaffold were also observed for COL in the natural
form, indicating that the blend of polymers forms a mis-
cible blend.

Fourier transform infrared spectroscopy

Representative FTIR spectra for excipients of formulation
and scaffolds are shown in Figures 6. The spectra of both
scaffolds depict characteristic absorption bands in 1645cm™
corresponding to amide I absorption arises predominantly
from protein amide C=O stretching vibrations and
1545cm™" corresponding to amide I is made up of amide
N-H bending vibrations and C-N stretching vibrations. The
1240 cm™ corresponding to amide IIT band is complex, con-
sisting of components from C-N stretching and N-H in-
plane bending from amide linkages. The band at 1098 cm™
corresponded to the stretching vibration of the
C-0 bond.[**~**]

The spectra were scaled to equal absorption at 3302 cm™
which is assigned to the ~-CH2 chemical group. -CH, group
remains unchanged during the crosslinking reaction of COL.
As shown in Figure 6 it is that crosslinking of COL matrices
by PA/GA has increased its intensity of transmittance at
1643cm™" comparing to the native COL matrix. It can be
concluded from increasing the intensity of transmittance at
1643cm™" that carboxyl (-COOH) groups in COL matrix
have been reduced due to the crosslinking reaction.
Furthermore, it can be seen a decreased intensity of trans-
mittance at 1082cm™" after crosslinking of COL matrix. It
can be concluded from decreasing the intensity of

1
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Figure 5. Differential scanning calorimetry thermogram of raw materials,
PA-scaffold, and GA-scaffold.

transmittance at 1082cm™" that crosslinking of COL makes
more amide bonds between COL macromolecules.

The transmittance at ~1600cm ™" is due to the amide II
band, which originates from the N-H bending vibration
and the C-N stretching vibration. One notes a shift in the
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Figure 6. Fourier transform infrared spectroscopy spectra of raw materials,
PA-scaffold, and GA-scaffold.

amide II band of scaffold, indicating that the amide
groups may be involved in the crosslinking reaction to
form Schiff bases.
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In vitro antioxidant activity

Figure 7 shows the antioxidant activity of the scaffold with-
out a crosslinking agent, PA-scaffold, and GA scaffold. The
analyzation of the scaffold without a crosslinking agent was
made as a control to know if the blend of polymer had anti-
oxidant property. In of the end, PA-scaffold showed 44%
antioxidant activity, this is 2.6 times more than GA-scaffold
(17%), and 121 times more the scaffolds without the cross-
linking agent (0.36%).

Cell viability

Figure 8 shows results of MTT analyses, exposure to GA-
scaffold, PA-scaffold, and scaffold without a cross-linking
agent in H9c2 cells for 24 hours. The results showed that
after 24 hours the cellular viability of exposure to GA was
the only one that presented a decrease, about 15% with
respect to the control, however, it was not significant.
Regarding the exposure to PA-scaffold and GA-scaffold, and
scaffold without crosslinking agent, viabilities >90% were
observed. It was not possible at these concentrations to
determine the IC50 (Figure 8).

Cytometer image

The results showed that PA-scaffold and GA-scaffold pre-
sented significant differences during the growth in relation
to the control, after 48 and 72 hours, presenting a decrease
of the cellular multiplication (Figure 9A). The graph of
Figure 9B shows the cell growth curve of the different scaf-
folds, but these seem to return to normal after a period of
72 hours, as shown in Figure 9B.

Discussion

When suitable autologous tissue is injured or lacking, mostly
the use of nonbiodegradable synthetic material to maintain
the 3D structure and to increase the time of biodegradation
in scaffolds to restore, and repair the tissue is associated
with several disadvantages, such as the significant risk of
thromboembolism, fibrosis, and calcification.

In the order hand, the use of biodegradable material to
assure structural and physiomechanical features that mimetic
of the cardiac ECM has the inconvenient of the fast disinte-
gration, generally, lesser than 8 weeks. Techniques to modu-
late the physiomechanical and features properties of 3D
porous scaffold based on biocompatible polymers, natural or
synthetic, crosslinking agent, or by compressing hydrogels.
In this manuscript, we associated the biocompatible and bio-
degradable, naturals and synthetic, polymers, crosslinking
agent, and plastic compression to obtain the dense lamellar
scaffolds in such a way that new mechanical and physiome-
chanical properties arise.

The requirements of such a scaffold are: (i) highly porous
and 3D structures to allow cell and nutrient infiltration, (ii)
proper physiomechanical properties, (iii) the ability to disin-
tegrate to nontoxic products and iv) biocompatibility, allow-
ing cells to attach and proliferate. The scaffolds were
obtained with glutaraldehyde and PA as a crosslink-
ing agent.

The mucoadhesion reflects the ability of a material to
adhere to a biological substrate, and it is a crucial physiome-
chanical property of scaffolds for tissue regeneration. The
results of mucoadhesion shown in Figure 1A suggest that
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the mechanism of scaffold’s mucoadhesion is due to HA,
chitosan, and P407 properties into both formulations, that
is, the presence of the PA and GA crosslinkers did not show
the difference between the mucoadhesion studies (p >.05).

The interaction between mucus and mucin is a result of
physical entanglement and secondary bonding, mainly H-
bonding and van der Waals attraction, which according to
the many authors, are mainly related to the following poly-
mer properties: the capability to create strong H bonding,
high molecular weight, sufficient chain flexibility, and sur-
face load properties favoring spreading onto mucus.*®!

Anionic polymers, carrying -COOH groups, can form
hydrogen bonds with the hydroxyl groups of the glycopro-
tein’s oligosaccharide side chain. This group includes poly-
mers such as HA. Cationic polymers carry a positively
charged amine group and can, therefore, adhere to mucous
due to ionic attraction to the sialic acid groups on the oligo-
saccharide side chain as chitosan. The interaction of non-
ionic polymers is based on the interpenetration of the
polymer chains followed by chain entanglement as P407.1*”]
Thus, the mechanism of scaffold’s mucoadhesion can be
explained due to the HA, chitosan, and P407 into both for-
mulations. In this case, the presence of PA and GA did not
show the difference between the mucoadhesion stud-
ies (p > .05).

It is known that Young’s modulus depends on the rela-
tive density and porosity of the scaffold, and of a constant
related to the pore geometry. The linear elastic (Young’s)
modulus calculated from stress—strain analysis gives precisely
the measure of the resistance of the struts to bending and
buckling under compression.

Compressive properties are of greater interest when
studying the impact of scaffold mechanics on cellular activ-
ity, because cells, through their action, tend to bend and
buckle individual struts within the scaffold."*®! The

analyzation of results (Figure 1) shows that dense lamellar
PA-scaffold could potentially be applied as heart patch
materijals in terms of stiffness.

The scaffolds to cardiac regeneration nave been obtained
by electrospinning using synthetic copolymers to improve
Young’s modulus.®****! The results compilation found
these authors showed that Young’s modulus is a function of
copolymer used. The choice of copolymers can modify the
potential to obtain structurally and functionally competent
cardiac tissue construct.*!

Engineered heart devices must develop systolic (contract-
ive) force with suitable compliance, at the same time they
must withstand diastolic (expansive) loads. The compliance
is defined as 1/E, where E is stiffness of the scaffold material
should be that of the collagen matrix of the heart muscle.
The fact of the scaffolds have not a contractile function is
due to the stiffness of collagen fibers. The same property
has been attributed at most biomaterials.®) As shown in
Figure 1B, the plastic compression technique associated with
a crosslinking was considered efficient to modulate the stiff-
ness and proper physiomechanical properties of the scaffold
produced with GA and PA.

The stress relaxation demonstrates the transient mechan-
ical behavior of gels through the relative ability of the gel
network to withstand the targeted strain. For stress relax-
ation tests, the fracture does not occur, and the energy
intake during compression is not completely stored in the
material. The value of maximum force (F,,,,) represents the
initial firmness of the gel at 10% of compression strain.
Hence, the gel strength and deformability depend on the
number and the type of bonds within the gel network.!*"**!

Figure 1C shows the stress relaxation curves for PA and
GA scaffold. The slower relaxation for PA-scaffold charac-
terized by deflection of the curve after reaching the max-
imum absorbed force (F.x = 1.14N), as a result of the



rigid network strand, however, flexible. The lower Fy,,, level
(0.5N) for GA-scaffold represents a stiffer and less flexible
structure compared to PA-scaffold. This difference was
attributed to store lower level of energy (GA-scaffold), due
to the dissipated energy.

Figure 2A shows the rate of fluid uptake of scaffolds,
whereas Figure 2B shows the fluid uptake by polymeric
chain. Crosslinking is a primary factor decreasing the water
absorption and retention of scaffolds, and the results of this
study are in accordance with similar results.!'>*>**! The
water absorption of GA-scaffold was bigger than PA-
scaffolds which suggests that PA treatment not only reduces
the number of hydrophilic groups on the biopolymers of the
formulation, which could bind water and to reduce the
space between the chains."***) As a result, the capability of
water absorption gradually decreases as the type of cross-
linking agent. Collagen/chitosan scaffolds produced by
freeze-drying and used carbodiimide and sodium tripoly-
phosphate as crosslinking agent.”*! At the end of 14 days, the
scaffolds showed weight loss in the range of 40-50%, in PBS
medium. Thus, the PA as a natural polyphenolic component
can crosslink proteins (collagen, rich in proline) through
hydrogen bonding slowing down the biodesintegration
of scaffolds.

Cardiac scaffolds must have as a particular quality a
highly porous structure, with high rate open porous, aniso-
tropic, and fully interconnected for providing a large surface
area that will allow cell ingrowth, uniform cell distribution,
and facilitate the neovascularization.'*®!

The morphological characteristics of PA-scaffold and
GA-scaffold were obtained by uCT and summarized in
Table 2. The results analyzed shows that the PA-scaffold has
the better morphological properties to cells proliferation
(Figure 9).

Cell behavior is directly affected by the scaffold architec-
ture (e.g., porosity, pore size, interconnectivity, anisotropy,
and diameter of fibers), since the ECM provides cues that
influence the specific integrin-ligand interactions between
cells and the surrounding. The role of porosity and inter-
connectivity in scaffolds is to favor cell migration inside the
porous structure, such that cell growth is facilitated while
overcrowding is avoided. Besides, the pore size of scaffolds
can influence the amount of glycosaminoglycan secretion
and the expression of collagen gene markers.!*”

The anisotropy is a product of plastic compression tech-
nique and is associated with lamellar characteristic on scaf-
folds. In a 3D perspective of the scaffold, the topographic
anisotropy of the constructs is an essential factor in cells
motility, alignment, and physiological functions due to cell
capacity of cognizing the orientation and texture based on
physical properties of scaffolds.!”® The scaffold produced by
our group using the PA as crosslinking agent showed appro-
priate morphology and size porous, this can favor the cellu-
lar adhesion and proliferation (Table 2 and Figure 9).

The permeability coefficients (PA-scaffold 7 x 10 m
and GA-scaffold was 2 x 107'° m?) are coherent with degree
of anisotropy. The permeability can be characterized as a
combination of essential parameters: (i) porosity, (ii) porous
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size and distribution, (iii) porous interconnectivity, and (iv)
porous orientation (anisotropy). In the last instance, the per-
meability of a scaffold is a property defining fluid flow
through a porous material. Thus, as previously noted, the
permeability of biological tissues and tissue-engineered scaf-
folds plays a significant role in nutrient and waste
transport.[36’58]

Differential scanning calorimetry (Figure 5) was used to
measure the denaturation temperature (Td) which corres-
pond at a measure of crosslinking density. The DSC results
gave a better understanding of the unfolding of protein
under the influence of temperature (90°C). The DSC plots
depict an endothermic peak (220°C) associated with a helix
to coil transition, which indicates the extent of intermolecu-
lar crosslinking.!*? In general, the miscibility of the poly-
mers blend depends on the self-association and
interassociation of hydrogen-bonding donor polymers.

The spectra of PA-scaffold and GA-scaffold (Figure 6)
showed the crosslinking formation between COL-PA and
COL-GA. The hydrogen bonding is the main mechanism of
interaction between hydroxyl groups present in PA and
amino and amide groups of COL. However, hydrophobic
interactions were also proposed to explain the binding of
polyphenols to proteins, which might occur through the
association of their aromatic rings with proline residues.'**

Crosslinking of COL with GA involves the reaction of
the free amine groups of lysine or hydroxylysine amino acid
residues of the polypeptide chains with the GA aldehyde
groups. More specifically, the first step of the reaction
involves the nucleophilic addition of the &-NH, groups to
the carbonyl groups (C=0) of the aldehyde to form an
unstable tetrahedral intermediate called carbinolamine. In a
second step, protonation of the ~-OH group followed by loss
of a water molecule yields the conjugated Schiff bases.!*”!

The antioxidant activity of PA-scaffold was 2.60 times
more than GA scaffold (Figure 7). The evaluation of the
antioxidant activity of scaffold needs to be considered when
the polymers and crosslinking agent are projected for bio-
medical applications. Proanthocyanidins are known to pos-
sess antibacterial, antiviral, anti-inflammatory, antiallergic,
and vasodilator actions.

Proanthocyanidins also has been shown to modulate the
activity of regulatory enzymes including cyclooxygenase, lip-
oxygenase, protein kinase C, angiotensin-converting enzyme,
hyaluronidase enzyme, and cytochrome P450 activities.
Effectively, PA suppresses oxidative stress through repairing
DNA damage, preventing lipid peroxidation, platelet aggre-
gation, capillary’s permeability and fragility; moreover, mod-
ulating signaling pathways (e.g., Nrf2, MAPKs, NF-kB
pathways) and, further, treat oxidative stress-related diseases
like cardiovascular diseases, neurodegenerative disorders,
metabolic diseases, skin disorders, and cancer.?>?*

There is an increasing interest toward studying natural
and synthetic antioxidants to prevent the uncontrolled oxi-
dation of lipids, proteins, and DNA caused by the develop-
ment of various diseases like cardiac and cerebral ischemia,
infection, and cardiovascular diseases.!®” Our results con-
firm the ability of the PA to inhibit free radical moieties.
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Utilization of PA in the scaffolds may have a striking effect
on healing of tissues suffering from high oxidative stress
especially due to infarction.

The in vitro study carried out here (Figure 9A and 9B)
aimed to evaluate in a preliminary way the possible toxicity
or lack of control of the cell cycle. Proanthocyanidins-
scaffolds showed moderate wettability, and this improves the
attachment, growth, and migration of cells since their sur-
face has preferential absorption of cell-adhesive proteins.
Finally, the surface roughness of PA-scaffold has an import-
ant influence on protein absorption and hence cell adhesion
and migration upon implantation in vivo. Moreover, the
microstructures of the PA-scaffolds obtained by our group
showed good features to ensure the proliferation and migra-
tion cell for large extent time.

Chronic cytotoxicity is always of primary concern when
designing biomedical devices using crossinked collagen
matrices. Proanthocyanidin is widely used as a food supple-
ment, and its lack of toxicity has been extensively demon-
strated. In addition, PA has been reported to pose
antibacterial, antiviral, anticarcinogenic, anti-inflammatory,
and antiallergic activities.!”!) The results of cytotoxicity and
cell viability (Figures 8 and 9) showed that the material leads
to an initial imbalance in the cells tested, but these seem to
return to normal after a period of 72hours. In Figure 9A
and 9B, there is the apparent difference between exposed
material and the control (without exposure), but no signifi-
cant difference (p <.05) between the types (PA-scaffold,
GA-scaffold, and scaffold without crosslinking agent). As no
significant cell death was observed on exposure, it is con-
cluded that the material does not lead to cell death but lead
to an initial decrease in multiplication that is restored
after 72 hours.

The PA-crosslinked scaffold could promote the cells
attachment at the early stage after seeding. It can increase cell
proliferation rate compared to the GA and uncross-linked
scaffolds. In addition, it has been reported that PA-related
polyphenols could stimulate the proliferation of normal cells
and increase the synthesis of ECM, and PA-crosslinked collag-
enous materials could enhance the cell’s ability to deposit col-
lagen where collagen is widely known to play important role
in cell adhesion and ECM formation. !

Cytotoxicity assay using fibroblast cultures revealed that
PA is ~120 times less toxic than GA, a currently used tissue
stabilizer. In vitro degradation, a criterion often used to exam-
ine the degree of collagen crosslinking showed that fixed tis-
sue was resistant to digestion by bacterial collagenase.'*"!

Conclusion

The choice of biomaterial and experimental condition for
the design of these scaffolds was important parameter to
assuring the biomimetic performance. The scaffolds obtained
by plastic compression associated with crosslinking agent
showed to be able to modulate the stiffness and suitable
physiomechanical properties to support the reverse modula-
tion of the myocardium. The effect of crosslinking agent
modified the physiomechanical properties such as drilling,

flexibility, traction, and stress relaxation, but it did not mod-
ify the mucoadhesion property. The results of uptake satur-
ation and weight loss suggest that PA-scaffold has a
potential for mechanically support the native tissue during
the necessary time for tissue regeneration. The antioxidant
activity of PA-scaffold will have a more significant effect
healthful to remodel native tissue that underwent oxidative
stress. Both crosslinking agents did not influence in the
H9c2 viability (>90%), the H9c2 multiplication presenting a
discreet decrease after 48 and 72 hours. However, as no sig-
nificant cell death was observed on exposure, it is concluded
that the scaffold did not lead to cell death but a small
decrease in multiplication that was restored after 72hours.
Considering the anisotropic structure, the physiomechanical
properties, cellular compatibility, and protective action
against reactive oxygen species, this study may provide a
way to improve the inverse remodulation of heart tissue,
after infarct acute of the myocardium.
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