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Abstract The aim of this study was the development
of collagen and collagen/auricular cartilage scaffolds
for application in dermal regeneration. Collagen was
obtained from bovine tendon by a 72 h-long treatment,
while bovine auricular cartilage was treated for 24 h
and divided into two parts, external (perichondrium,
E) and internal (elastic cartilage, I). The scaffolds were
prepared by mixing collagen (C) with the internal part
(CI) or the external part (CE) in a 3:1 ratio. Differential
scanning calorimetry, scanning electron microscopy
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(SEM) analysis, microcomputed tomography imaging
(micro-CT) and swelling degree were used to charac-
terize the scaffolds. Cytotoxicity, cell adhesion, and
cell proliferation assays were performed using the cell
line NIH/3T3. All samples presented a similar denat-
uration temperature (Td) around 48 °C, while CE
presented a second Td at 51.2 °C. SEM micrographs
showed superficial pores in all scaffolds and micro-CT
exhibited interconnected pore spaces with porosity
above 60% (sizes between 47 and 149 pm). The order
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of swelling was CE < CI < C and the scaffolds did
not present cytotoxicity, showing attachment rates
above 75%—all samples showed a similar pattern of
proliferation until 168 h, whereas CI tended to
decrease after this time. The scaffolds were easily
obtained, biocompatible and had adequate morphol-
ogy for cell growth. All samples showed high adhe-
sion, whereas collagen-only and collagen/external part
scaffolds presented a better cell proliferation rate and
would be indicated for possible use in dermal
regeneration.

Keywords Biopolymers - Elastin - Micro-CT - Cell
proliferation

Introduction

Tissue engineering, an interdisciplinary field, aims at
developing biological substitutes to restore, maintain,
or improve the function of injured tissues or organs
(Kaul and Ventikos 2015). These biological substi-
tutes must be able to become structurally integrated
with the native tissue, providing support during the
regeneration process and, after performing their
function, should undergo biodegradation (Grover
et al. 2012). Furthermore, the mechanical properties
of the scaffold should be similar to the tissue or organ
to be repaired (Patel and Fisher 2008). A scaffold
should be composed of biocompatible and biodegrad-
able materials, with interconnected pores, and
designed to improve oxygen permeability and nutrient
delivery, making them suitable for cell adhesion and
functional mechanical integrity (Daskalova et al.
2014; Hadisi et al. 2015).

In the development of scaffolds, two groups of
biomaterials are usually employed: natural polymers
and synthetic polymers, as well as their combinations.
Materials made of synthetic polymers are widely used
due to the ease of controlling the processes for
obtaining them and defining the final properties of
scaffold, and to their distinct chemical and structural
characteristics. However, the degradation of these
polymers often stimulates the body to generate an
unwanted immune response that can lead to inflam-
mation or other complications (Stoppel et al. 2015).
Natural polymers generate biocompatible and bioac-
tive matrices, and their degradation products seldom
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cause chronic immune responses due to low toxicity to
the body (Patel and Fisher 2008; Stoppel et al. 2015).
Moreover, biopolymeric scaffolds promote greater
flexibility and mobility, and natural polymers usually
contain specific molecular domains that can stimulate
cells at different stages of their development (Sakata
et al. 2015).

The use of polymers that are present in the
extracellular matrix (ECM) to obtain scaffolds for
skin regeneration is a trend, as they are biocompatible
and can influence cellular activity. The main examples
of polymers present in ECM are collagen and elastin.
Collagen provides mechanical strength and stiffness to
scaffolds, creates a supportive structure and acts as a
guide and stimulus for tissue formation (Grover et al.
2012). Thanks to its biocompatibility and biodegrad-
ability, apart from its easy preparation and its avail-
ability in large quantities in nature, collagen is widely
used in tissue engineering. According to Chattopad-
hyay and Raines (2014), there are at least 29 types of
collagen isolated, with the type I collagen as the most
abundant in the organism. In this study, anionic
collagen was obtained by treating the bovine tendon
using alkaline hydrolysis (Horn et al. 2015). The
increase in the number of negative charges causes
small changes in its structure due to the interaction
among the charged molecules, leading to the possi-
bility of pore size variation due to electrostatic
repulsion among them (Bet et al. 2001). Several
studies show its application for bone (Gabbai-Armelin
et al. 2018), skin (Boekema et al. 2014) and cornea
(Haagdorens et al. 2019) regeneration.

Elastin is a biopolymer that plays both structural
and biochemical roles. It confers elasticity to all
vertebrate elastic tissues, including skin (Starcher
et al. 2005; Okuneva et al. 2019), blood vessels (Dietz
and Mecham 2000), auricular cartilage (Nimeskern
et al. 2016) and lungs (Milewicz et al. 2000).
According to Nam et al. (2014) elastic cartilage, like
auricular cartilage, consists of large gaps of chondro-
cytes surrounded by elastic fibers, forming three-
dimensional networks, surrounded by a tissue called
perichondrium. This polymer influences the chemo-
taxis and acts in tissue compliance, and it contains
peptide sequences identified to induce differentiation,
migration, and proliferation of a range of cell types
such as fibroblasts, smooth muscle cells, and endothe-
lial cells (Lee et al. 2017). In the literature, elastin is
used for cartilage (Annabi et al. 2011), bone (Tejeda-



Cell Tissue Bank (2024) 25:111-122

113

Montes et al. 2014) and skin (Boekema et al. 2014;
Wang et al. 2015) regeneration.

Studies employing the association of these poly-
mers have been done in order to obtain scaffolds for
different uses (Daskalova et al. 2014). Collagen is
essential in maintaining tissue architecture, while
elastin provides resilience and deformability to tis-
sues. Dunphy et al. (2014) studied the obtention of a
collagen and elastin scaffold to mimic the character-
istics of the pulmonary alveoli. Mizutani et al. (2014)
obtained ligament scaffolds, in which elastin-A pro-
moted osteogenic differentiation and collagen main-
tained the ligament phenotype. Nguyen et al. (2019)
developed a biomimetic elastin-containing bi-layered
collagen scaffold which is structurally similar to
native vessels. For dermal regeneration, the colla-
gen—elastin combination was studied by Boekema
et al. (2014), who obtained a promising replacement
for the treatment of skin lesions, with adequate pore
size (100 um) and adequate development of fibrob-
lasts. In addition, products that act as dermal substi-
tutes can be found on the market, such as MatriDerm®
which has 100 pm and can be used for skin regener-
ation in case of severe burns. However, this product
has a high cost, which makes its wide use in the clinic
difficult (Keck et al. 2009). Thus, this study aims at
developing collagen and collagen/auricular cartilage
scaffolds for application in dermal regeneration, with
simple procedures.

Materials and methods
Materials

Collagen was obtained by treating the bovine tendon
in an aqueous alkaline solution (pH 13) for 72 h using
a protocol described by Horn et al. (2015). Briefly, the
bovine tendon was treated with an alkaline solution
(3 mL g~ of tissue, at 25 °C) containing hydroxides,
chlorides and sulfates of K*, Ca®>*, and Na™. Subse-
quently, this alkaline solution was removed and the
tendon was treated with an aqueous solution with KT,
Ca®*, and Na™ salts for 6 h. After this treatment all
salts were removed from the tendon with deionized
water (pH ~ 6), the collagen was extracted with
acetic acid (pH 3.5) and then stored under refrigeration
(4 °C). The collagen concentration was determined by

dry mass weighing (n = 3) and adjusted to 1% with
acetic acid pH 3.5.

The bovine auricular cartilage was treated under the
same conditions as collagen, only varying the treat-
ment time (24 h) and temperature (45 °C). After the
treatment all salts were removed with deionized water
(pH ~ 6) and then the material was manually divided
into external (perichondrium) and internal (elastic
cartilage) part. The external part was sectioned into
flakes and the internal part was ground to a powder
(100 mesh/0.149 mm).

Scaffolds preparation

The scaffolds were prepared by mixing the collagen
(C) with the internal part (CI) or the external part (CE)
in a 3:1 ratio. The mixtures were placed in Teflon®
molds, frozen in liquid nitrogen and lyophilized.
These scaffolds were neutralized using ammonia
vapor.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to
measure the collagen denaturation temperature (Td).
20 mg of the sample were placed in a hermetically
sealed aluminum support, under an N, flow of
80 mL min_l, with a heating ratio of 10 °C min_l,
with a temperature range of 25-120 °C (DSC Mod

2010 equipment, TA Instruments).
Scanning electron microscopy (SEM) analysis

A scanning electron microscope Zeiss Leo 440
(Cambridge, England) with Oxford detector (model
7060) operating with a 20 kV electron beam was used
to characterize the scaffolds. Prior to imaging, the
scaffolds were coated with gold on a Coating System
metallizer BAL-TEC MED 020 (BAL-TEC, Liecht-
enstein, Germany) with a chamber pressure of
2.00 x 1072 mbar, 60 mA current and 0.60 nm s7!
deposition rate.

Microcomputed tomography imaging (micro-CT)
Microtomography scans were acquired on a High-
resolution 3D X-ray Microscopy BrukerTM—Sky-

scan 1272 in collaboration with Laboratory for High
Resolution Spectroscopy at Physics Institute of S&o
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Carlos (LEAR/IFSC). The equipment’s X-ray source
voltage and current were set to 50 kV and 200 pA
respectively. The detectors’ 16-megapixel CCD cam-
era was configured to acquire projections of
2452 x 1640 pixels, resulting in isometric voxel
resolution of 6 um. The scanning time was approxi-
mately 4 h for each specimen. The image reconstruc-
tion was performed on the integrated SkyScan
software (NRecon integrated to InstaRecon CBR
Server).

Porosity was measured using the SkyScan CTAn
software. First, the region of interest (ROI) was
identified using the selection tool to separate the
sample from the background. In this case, the largest
possible volume of the sample was selected, eliminat-
ing only the border regions. Then, using the binariza-
tion tool, the grayscale intensity level threshold value
was chosen in which the 3D image was segmented into
pores and material. Then, the already binary data were
used to measure the total porosity of the sample using
Eq. 1:

pore volume
total ROI volume

(1)

The pore size was analyzed through visual inspec-
tion of the images from the tomography. This analysis
was done with the PerGeos software (FEI), which
provides tools to manually measure regions of micro-
tomography images, as well as several image process-
ing tools to improve the visualization of the
reconstructed volume.

Total porosity =

Swelling degree

The scaffolds were weighed and immersed in Phos-
phate Buffered Saline; (PBS) at 25 °C. At predeter-
mined times, the scaffolds were removed, gently
wiped with filter paper to remove the excess of PBS,
and weighed again. The swelling degree of scaffolds
was calculated by Eq. 2:

W, — W
Swelling degree (%) = ZTO x 100 (2)

0
where W, was the weight of the lyophilized sample
and W, was the weight of the swollen sample. The
measurements were made five times for each batch of
samples.
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Sterilization

The scaffolds were individually packaged into double
plastic envelopes and sent to Nuclear and Energy
Research Institute (IPEN/CNEN) in Sao Paulo. The
samples were irradiated in a Cobalt-60 Multipurpose
Gamma Irradiator, at 15 kGy (5 kGy h™') for steril-
ization. The dose was determined after previous
studies, verifying the lack of morphological alter-
ations. The irradiation protocol was based on the
International Organization for Standardization 11,137
(ISO 11,137- part 3, 2017).

In vitro assays

In the biological tests, the cell line NIH/3T3 (ATCC
CRL 1658) was used. The cell line was maintained on
appropriate cell culture media, Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Invitrogen) with
10% bovine fetal serum (Gibco, Invitrogen), at 37 °C
and 5% CO, humid atmosphere.

MTS cytotoxicity assay

Extracts of the scaffolds were prepared in order to
assess the hazard potential of the samples, with the
extraction conditions being selected, according to the
International Organization for Standardization
10,993— part 12 (ISO 10993- part 12, 2012). Steril-
ized scaffolds were put into containers, and DMEM
was added at aratio of 0.1 g per mL (mass of scaffold
per volume of DMEM). Then, the samples were
incubated in 5% CO,, at 37 °C for 24 h, after which,
the scaffolds were removed from the media and 100%
extract were obtained. All extracts were used imme-
diately after preparation to prevent sorption onto the
extraction container or any other changes in compo-
sition. Cells in culture medium (5 x 10° cells mLfl)
were exposed to C, CE and CI extracts. The plates
were incubated for 24 h and 48 h, at 37 °C and 5%
CO,. After this period, the supernatant was removed,
and the cells were exposed to MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) solution
(1 mg mL™") and incubated at 37 °C for 4 h. The
optical density was determined using a spectropho-
tometer at 490 nm. Cell viability was calculated as a
percentage of total cells, assuming the negative
control to be 100% viable.
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Cell adhesion assay

Alamar Blue® (Thermo Fisher Scientific) reagent was
used to evaluate cell adhesion on the scaffolds based
on the literature (Low et al. 2006) with modifications.
Each scaffold was transferred to a new 24-well plate
(Nunclon, Nunc, CAT N° 142475) and hydrated with
100 pL of cell culture media. Then, 100 pL of cell
suspension (8 x 10° cells mL™") were added and
incubated at 37 °C for 1 h. After this, 400 pL of cell
media were added and incubated at 37 °C for 24 h.
After incubation, the scaffolds were transferred to a
new 24-well plate (Nunclon, Nunc, CAT N° 142475)
and 400 pL of the reagent Alamar Blue (diluted 1:10
in culture medium) was added and incubated over-
night so that the reagent reached the entire scaffold. A
volume of 100 pL of metabolized resazurin from each
scaffold was transferred in triplicate into 96 well-
microplates and fluorescence intensity was measured
(excitation at 560 nm and emission at 590 nm)
(SpectraMAXx 13, Molecular Devices). A monolayer
of cells was used as control. Unseeded scaffolds,
incubated under the same culture conditions, were
employed as negative controls, and the fluorescence
values obtained for these scaffolds were subtracted
from the sample results.

Cell proliferation assay

Cell proliferation on the scaffolds was performed on
24,72, 168 and 192 h after cell inoculation by Alamar
Blue® (Thermo Fisher Scientific). Each scaffold was
transferred to a new 24-well plate (Nunclon, Nunc,
CAT N° 142475) and hydrated with 100 pL of cell
media. Then, 100 pL of cell suspension (8 x 10° -
cells mL™") were added and incubated at 37 °C for
1 h. After this, 400 pL of cell media was added and
incubated at 37 °C for 24, 72, 168 and 192 h. After
incubation, the scaffolds were treated under the same
conditions as in the cell adhesion assay. Unseeded
scaffolds, incubated under the same culture condi-
tions, were employed as negative controls.

Statistical analysis
The Shapiro-Wilk test was used to verify data

distribution, while differences in biological tests were
analyzed using variance analysis two way (ANOVA),

followed by Tukey’s test. The significance level was
set at 5%.

Results

The scaffolds were easily obtained. All samples were
white and did not show any significant difference
among them. The samples were characterized by DSC,
SEM, micro-CT, swelling ratio and biological test
(MTS cytotoxicity, cell adhesion, and proliferation).

DSC measurement

Table 1 shows the denaturation temperatures for the
collagen present in scaffolds. C, CI, and CE presented
similar Td (approximately 48 °C), while CE showed a
second Td of 51.2 °C.

SEM

SEM micrographs showed superficial pores in all
scaffolds, and C (Fig. 1a) had more and larger pores
than CE and CI (Fig. 1b, c).

Micro-CT

Figure 2 shows the structure of the scaffolds obtained
by micro-CT. The inner structure of the scaffolds
exhibits interconnected pore spaces, and all samples
presented porosity above 60% (Table 2).

The porosity and pore size (in different regions)
values for each scaffold are shown in Table 2. C
presented larger pores (96—149 um), while CE had the
smaller pores (47-121 pm). CI showed pores between
61 and 146 pm. Moreover, the use of the internal part
(elastic cartilage) maintains the same pattern of pores
from the scaffold composed of only collagen (larger
pores in the extremity and smaller pores internally).
The external part (perichondrium) changes this pattern
and the pores are smaller on the surface and larger on
the base.

Swelling ratio
The swelling degree observed in this study was 5000%
for C, 4200% for CI and 3600% for CE (Fig. 3). The

maximum absorption time was similar among the
samples and occurs in 20 min.
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Table 1 Denaturation
temperature (Td, ° C) of

Scaffold Td, (°C)

Td, (°C)

biopolymeric scaffolds C 47.9

CI 48.0

Td;—Denaturation

temperature of bovine CE 47.0
tendon collagen with

alkaline treatment

Td,—Denaturation
temperature of collagen
present in the external part

51.2

MTS cytotoxicity assay

Cell viability (Fig. 4) was assessed after 24 hand 48 h
of exposure to scaffolds extracts or controls. It was
observed that all samples presented at least 106 & 6%
viable cells for CE in 24 hand 97 + 2% for Cin 48 h,
with no differences in all comparisons (P > 0.05),
except for CI 24 h compared to control. C showed
108 £ 5% viable cells in 24 h, C1 113 £ 5% in 24 h
and 107 &= 5% in 48 h, and CE 101 £ 4% in 48 h.

Cell adhesion

Preliminary tests were performed in order to verify
whether the scaffolds could support cell adhesion and
justify any further investigations towards their poten-
tial use in tissue regeneration. The scaffolds obtained
in this study did not show any significant difference
from cell control (P > 0.05), except for C. The
samples presented attachment rates (Fig. 5) above
75%, where 78% (C), 89% (CI) and 113% (CE).

Proliferation assay

All samples showed a similar pattern of proliferation
until 168 h, especially a decrease in Fluorescence
Intensity (FI) at 72 h (Fig. 6). Particularly C showed
an increase in FI after 168 h, CE presented a tendency
to stabilize, and CI showed a decrease in FI after this
time.
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Discussion

Scaffolds should provide a suitable 3D environment
for cell attachment, proliferation, and differentiation.
An ideal porous scaffold has specific pore sizes with
adequate porosity, being able to act as an adequate
vehicle for the cells and the regular supply of nutrients
and oxygen (Pina et al. 2019). To be suitable for skin
tissue engineering, they should mimic the natural
environment for skin growth, should be biodegrad-
able, and permeable to oxygen, water and nutrient
exchanges (Chaudhari et al. 2016). Natural polymers
have been showing a huge potential due to their
biological properties that promote adequate cellular
responses, biocompatibility, and degradability (Pina
et al. 2019). Collagen, for instance, is able to provide a
supportive structure and act as a guide and stimulator
of tissue formation (Grover et al. 2012). Elastin, as
another example, plays both structural and biochem-
ical roles, promoting elasticity and supporting the
cellular attachment and proliferation (Lee et al. 2017).
The employment of such polymers in the scaffold
obtention for skin regeneration is of great interest
since they are already present in ECM, biocompatible
and they show influence in cellular activity. According
to Minardi et al. (2017), the addition of 10% elastin
helps to mimic the dermis composition, in addition to
improving tissue regeneration capacity. In the present
study, scaffolds were obtained using 25% cartilage
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30umH

Fig. 1 SEM micrographs of a collagen scaffold (C), b colla-
gen/internal part scaffold (CI), and ¢ collagen/external part
scaffold (CE). Magnification: x 200

auricular, yielding interesting characteristics for tissue
regeneration.

The triple helix of collagen is susceptible to
temperature increase, may disorganize and even gets
disrupted according to the degree of heating, modify-
ing the collagen structure and showing the transition of
collagen — gelatin (Batista et al. 2009). DSC was
used to determine the collagen denaturation temper-
ature (Td), and also to verify the triple helix integrity

Fig. 2 Micro-CT scans of: a collagen scaffold (C), b collagen/
internal part scaffold (CI), and ¢ collagen/external part scaffold
(CE). Left column: 2D section acquired with a pixel resolution
of 6 um, the scanning time was 4 h. Right column: 3D image
acquired with a voxel resolution of 6 pm, the scanning time was
4h

Table 2 Porosity and pore size of biopolymeric scaffolds

Scaffold % Porosity Pore size (pm)

Surface Middle Base
C 67 137 96 149
CI 72 122 61 146
CE 64 47 76 121

after the experimental proceedings. All samples
showed a Td around 48 °C (Table 1), indicating the
triple helix integrity and, thus the presence of collagen
type 1. Furthermore, CE presented a second transition
between 50 and 55 °C, related also to collagen type I
present in the external part—the Td of the external part

@ Springer
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Fig. 3 Swelling degree (%) of: grey square—collagen scaffold
(C), blue square—collagen/internal part scaffold (CI), and red

square—collagen/external ~ part scaffold (CE). (Color
figure online)
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3
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Fig. 4 Cell viability measured by MTS salt after exposure to
scaffolds extracts. Cell viability was observed after NIH/3T3
cell in culture was exposed to the cell culture media (white
square—Control), the extract of collagen scaffold (grey
square—C), the extract of collagen/internal part scaffold (blue
square—ClI), or to the extract of collagen/external part scaffold
(red square—CE). The results are expressed as the mean and
standard error of at least three independent experiments, in
which Control is considered to represent maximum possible
viability. Data were analyzed using the Tukey’s test; P > 0.05
in all comparisons. (Color figure online)

(perichondrium) is 55.3 °C. The Td values differ
because the time and the temperature of alkaline
treatment in both materials are different. Thus, the
presence of elastin did not change the collagen Td and
no transition was observed for the internal part (elastic
cartilage).
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125 4
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Fig. 5 Cell adhesion measured by Alamar Blue after 24 h. Cell
adhesion was observed after seeding NIH/3T3 cell in collagen
scaffold (grey square—C), collagen/internal part scaffold (blue
square—ClI), or collagen/external part scaffold (red square—
CE). The results are expressed as the mean and standard error of
three independent experiments, in which Control is considered
to represent maximum possible adhesion. Data were analyzed
using the Tukey’s test; P > 0.05 in all comparisons. (Color
figure online)

4,0 -

1

3,0

2,5

7 ? S

\

Fluorescence intensity (x10%) (A.U.)

1*0 T T T T T T T T
0 24 48 72 9% 120 144 168 192

Time (h)

Fig. 6 Cell proliferation measured by Alamar Blue after 24, 72,
168 and 192 h. Cell proliferation was observed after seeding
NIH/3T3 cell in black square—collagen scaffold (C), blue
square—collagen/internal part scaffold (CI), and red square—
collagen/external part scaffold (CE). The results are expressed
as the mean and standard error of at least three independent
experiments. (Color figure online)

The porosity, pore sizes, and interconnectivity of
these structures play an important role in their
functionality. High porosity is important for cell
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infiltration while interconnected pores will benefit the
growth, proliferation, and migration of the cells
(Ashworth et al. 2014; Pina et al. 2019). SEM and
X-ray micro-computed tomography (micro-CT) were
used to verify the morphology of scaffolds. SEM
showed scaffolds with a porous surface for all
samples, however, those obtained with auricular
cartilage had smaller pores, which could be confirmed
by micro-CT. Micro-CT is a non-destructive and
effective method for obtaining three-dimensional
images of porous objects on a micrometric scale,
which combined with the analysis of digital image
software, provides accurate quantitative and qualita-
tive information on the 3D morphology of complex
objects in a high-resolution space (Plessis et al. 2017).
Generally, pure collagen scaffolds are almost invisible
in micro-CT, and it is necessary to use methods to
increase contrast, such as silver nanoparticles or
hydroxyapatite (Zidek et al. 2016). However, some
authors already suggest that it is possible to obtain
images of polymeric matrices (Zidek et al. 2016;
Campbell et al. 2017). In the present study, sample C
presented surface pores of 137 pum while the scaffolds
obtained with auricular cartilage presented smaller
pores. This decrease in pore size is due to the auricular
cartilage having been added to the gel in the form of
solid material (powder or flakes), which allowed the
decrease in the interaction of the anionic collagen
loads to occur. With this lesser interaction, there was
less distance between the chains, generating smaller
pores. A study by Kinikoglu et al. (2011) obtained
collagen type I scaffolds isolated from Sprague-
Dawley rat tails and elastin-like recombinamers in
which the presence of elastin also caused a decrease in
pore size (from 200 to 20 um), as observed in the
present study. Furthermore, a previous study has
suggested that a pore size 20-120 um in diameter is
suitable for skin tissue engineering (Song et al. 2018).
At small pore sizes, factors such as the high amount of
ligands, which do not stimulate the cell polarity and
release seen in mesenchymal migration, probably
contributes to the limited invasion, while large pore
sizes in scaffolds have insufficient ligands to generate
traction, which would also limit cell migration
(Bruzauskaité et al. 2016). Scaffolds obtained in this
study showed pore sizes adequate to the growth of
fibroblasts. The micro-CT can still be used to check
the porosity of the material, an important character-
istic for tissue growth. The samples presented porosity

between 64 and 72% and the porosity did not vary with
the addition of auricular cartilage. Chan et al. (2016)
reported a collagen scaffold leading to neovascular-
ization with a porosity of 74.4%, similar to that
observed in this study. Therefore, they would most
likely allow neovascularization to occur.

In addition to having adequate morphology, another
important property for evaluating the effectiveness as
a tissue regeneration material is the ability of a
scaffold to retain liquid. This property is necessary to
maintain adequate nutrient supply for cell adhesion
and proliferation to occur (Grover et al. 2012).
Individually, collagen has a higher absorption capacity
than that observed for biopolymer mixtures. The
scaffolds obtained with auricular cartilage (CE and CI)
had a lower absorption capacity, suggesting that pore
size directly influences this property, since auricular
cartilage led to smaller pore size matrices. However, a
study by Nocera et al. (2018) obtained a 3D printing
bovine tendon collagen scaffold with pore sizes
between 10 and 500 pm and absorption capacity of
only 1437% after 24 h. In this study, the maximum
absorption time occurred within 20 min, and C
presented 5000% absorption capacity. This increased
absorption capacity despite having narrower pores
may be due to the anionic collagen, which facilitates
absorption (Horn et al. 2015). Thus, the developed
scaffolds have the necessary characteristics for a
possible application in the area of tissue regeneration.

It is known that collagen and elastin are biomate-
rials that do not show toxicity (Daskalova et al. 2014),
and are proper for the use in tissue engineering.
Nevertheless, the MTS cytotoxicity assay test should
be done even on non-toxic materials because the type
of processing can leave some residues that can make it
toxic. In this study collagen and auricular cartilage
were obtained by alkaline hydrolysis being necessary
to verify the toxicity. According to ISO 10,993-5
(2009), viability lower than 70% suggests a cytotoxic
potential and several authors divide cytotoxicity
degrees from intense to non-cytotoxic. Biomaterials
that present cellular viability lower than 30% are
considered as having an intense degree of cytotoxicity;
those that vary from 30 to 60% are considered
moderate; the viability range from 60 to 90% is a
light degree; viability above 90% is considered non-
cytotoxic (Sletten and Dahl 1999; Lonroth and Dahl
2003). Nocera et al. (2018) obtained non-toxic 3D-
printed collagen scaffolds with 85.07 £ 6.73% of
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viability for NIH 3 T3 cells after 24 h. Likewise, none
of the scaffolds obtained in this study showed toxic
effects according to ISO 10993-5, which recommends
cell viability to be greater than 70%. These results
allowed us to continue with further experiments.

Samples C, CI, and CE present an attachment rate
above 75%, whereas CE showed the highest rate
(113%). The addition of auricular cartilage leads to an
increase in cell adhesion rate since collagen scaffolds
(C) had lower values. Studies show that the association
of elastin with collagen leads to greater cell adhesion
and proliferation (Annabi et al. 2011; Kinikoglu et al.
2011; Grover et al. 2012). Therefore, the presence of
auricular cartilage has also been shown to improve
adhesion capacity as well as isolated elastin. In our
study, C and CE showed similar cellular proliferation,
with a higher capacity to attachment and cellular
adhesion. Nevertheless, despite CI showing a high
attachment rate, after 168 h it tends to decrease
cellular proliferation. This decrease in cell prolifera-
tion was due to CI started to degrade after 72 h. C and
CE had less degradation when compared to CI at the
same time, allowing them to maintain the cell growth
process. It is possible to say, though, that scaffolds
based in polymers found in ECM present interesting
results to be applied to dermal regeneration.

Conclusion

Collagen/cartilage auricular scaffolds were easily
obtained, biocompatibility and had adequate morphol-
ogy for cell growth. They presented similar denatura-
tion temperatures indicating the triple helix integrity
after the procedures. All samples showed superficial
pores and exhibited interconnected pore spaces with
porosity above 60%. The scaffolds presented pore
sizes between 47.2 and 149.4 pm, which are adequate
for fibroblast growth, and showed high absorption
rates. The scaffolds were not cytotoxic and showed a
high adhesion rate. C and CE had a similar pattern of
proliferation, while CI presented a tendency to
decrease after 168 h. Thus, all samples showed
adequate morphology and higher adhesion, whereas
collagen-only and collagen/external part scaffolds
presented a better cell proliferation. Nevertheless,
they are all likely to be indicated for dermal
regeneration.
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