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ARTICLE INFO ABSTRACT

Keywords: In the recent decade, marine origin products have been growingly studied as building blocks complying with the
Marine biomaterials constant demand of the biomedical sector regarding the development of new devices for Tissue Engineering and
Chondrocytes

Regenerative Medicine (TERM). In this work, several combinations of marine collagen-chitosan-fucoidan
hydrogel were formed using a newly developed eco-friendly compressive and absorption methodology to pro-
duce hydrogels (CAMPH), which consists of compacting the biopolymers solution while removing the excess of
water. The hydrogel formulations were prepared by blending solutions of 5% collagen from jellyfish and/or 3%
collagen from blue shark skin, with solutions of 3% chitosan from squid pens and solutions of 10% fucoidan from
brown algae, at different ratios. The biopolymer physico-chemical characterization comprised Amino Acid
analysis, ATR-FTIR, CD, SDS-PAGE, ICP, XRD, and the results suggested the shark/jellyfish collagen(s) conserved
the triple helical structure and had similarities with type I and type II collagen, respectively. The studied col-
lagens also contain a denaturation temperature of around 30-32 °C and a molecular weight between 120 and
125 kDa. Additionally, the hydrogel properties were determined by rheology, water uptake ability, degradation
rate, and SEM, and the results showed that all formulations had interesting mechanical (strong viscoelastic
character) and structural stability properties, with a significant positive highlight in the formulation of Hs
(blending all biopolymers, i.e., 5% collagen from jellyfish, 3% collagen from skin shark, 3% chitosan and 10% of
fucoidan) in the degradation test, that shows a mass loss around 18% over the 30 days, while the H; and Ha,
present a mass loss of around 35% and 44%, respectively. Additionally, the in vitro cellular assessments using
chondrocyte cells (ATDC5) in encapsulated state revealed, for all hydrogel formulations, a non-cytotoxic
behavior. Furthermore, Live/Dead assay and Phalloidin/DAPI staining, to assess the cytoskeletal organization,
proved that the hydrogels can provide a suitable microenvironment for cell adhesion, viability, and proliferation,
after being encapsulated. Overall, the results show that all marine collagen (jellyfish/shark)-chitosan-fucoidan
hydrogel formulations provide a good structural architecture and microenvironment, highlighting the Hs
biomaterial due to containing more polymers in their composition, making it suitable for biomedical articular
cartilage therapies.
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1. Introduction

Marine origin resources are an excellent natural alternative to
mammal sources of materials and bioactive compounds since they can
provide them in a sustainable form, to inspire the production of inno-
vative biological devices for therapeutically approaches envisaging their
application in tissue engineering and regenerative medicine (TERM).
Moreover, it is claimed the lack of disease transmission risks, along with
the absence of ethical reasons (social/religious) reinforcing the use of
marine organisms for biomedicine [1-3].

In the recent decade, many of these marine materials, such as
collagen, chitosan, and fucoidan, have been extensively studied by their
similarities with proteins and polysaccharides present in the extracel-
lular matrix (ECM) of humans, supporting the capacity to create new
biomaterials that can mimic the composition of the native ECM,
including in cartilage regions, due to constraints on self-repair capacity
observed for this tissue [4,5]. For example, articular cartilage tissue
contains a highly hydrated ECM, and it is composed mainly of type II
collagen fibers (between 90 and 95%), glycosaminoglycans as hyal-
uronic acids (HA) and chondroitin sulfates (CS), and small molecular
glycoproteins [6-8].

The marine collagen is a great candidate for TERM strategies
considering the characteristic biological properties such as high
biocompatibility, low antigenicity, non-toxicity, safe biodegradability
[9], also it can provide appropriate signals that influence the cell
adhesion, viability, proliferation, and migration [9-11]. Although chi-
tosan is not present in mammal ECMs, it structurally shares a monomer
with hyaluronic acid found especially in cartilage ECM [12]. That
structural characteristic and the presence of remarkable natural prop-
erties such as biodegradability, biocompatibility, low toxicity, anti-
inflammatory, and antibacterial, make the chitosan a great candidate
for there use in cartilage tissue repair [13,14]. Similarly, fucoidan has
the potential for this application due to its structural composition that
resembles chondroitin sulfates, being both considered sulfated glycos-
aminoglycans [15]. Fucoidan can be found on the tissue wall of brown
seaweeds and contains diverse biological effects, such as anticoagulant,
anti-thrombotic, antiangiogenic, anti-inflammatory, antiviral, antioxi-
dant, anti-tumoral, among others [16-18]. Additionally, it is known that
these two types of glycosaminoglycans positively influence the prolif-
eration and differentiation of chondrocytes cells [6]. Therefore,
considering each polymer property, it is reasonable to expect that
scaffolds prepared with collagen, chitosan, and fucoidan would poten-
tially benefit cartilage restoration.

Recently, there has been a growing interest in constructing diverse
scaffolds, for example, in the form of hydrogels, using one or more
polymers according to several protocols for TERM approaches [19,20].
However, many of the proposed hydrogels required the use of chemical
cross-linking agents, which may inadvertently contribute to toxicity if
the non-reacted material is not properly removed and other strategies
are being pursued to increase the physico-chemical properties of the
resulting hydrogels and take advantage of their different biological
properties for TERM [21]. Accordingly, we have recently proposed an
innovative methodology [22] that allows the production of scaffolds in a
fast and reproducible format, highlighting their eco-friendly character.
The strategy consists of promoting ionic interactions between the
polymers (natural crosslinking) at the same time that the residual liquid
(solvents) is absorbed while a mild plastic compression occurs, resulting
in a material with increased structural stability. Such a process is herein
defined as a compressive and absorption methodology for the produc-
tion of hydrogels (CAMPH). Moreover, it is known that natural elec-
trostatic interactions have the advantage to typically elicit lower cell
cytotoxicity when compared with chemical agents [23,24], thus prom-
ising application for cell encapsulation and 3D cell culture templates. In
addition, the current societal concerns encompass obtaining alternative
materials to those currently used in the biomedical sector, as well as
developing optimized processes that assure a sustained, cost-effective
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process with a reduced environmental impact (i.e. solvent and mate-
rial waste) [22,25].

The purpose of this study was to establish and expand the proposed
CAMPH with the possibility to extend this methodology when using
other sources. Moreover, it was also aimed to evaluate the potential of
incorporating a step for cell encapsulation within the polymeric struc-
ture. Thus, a considerable process optimization was performed to make
this procedure profitable, reproducible, and fast, i.e., accessing the 3R's
(Reduce, Reuse and Recycle) policy, especially by using disposable
materials (greener for the environment). For this, marine origin
hydrogels were produced by CAMPH using different formulations of
collagen-chitosan-fucoidan blends. The developed hydrogels were
extensively characterized regarding their physico-chemical properties,
such as composition, rheology behavior, water uptake ability, and de-
gradability. Their cytotoxicity, as well as the capacity to support cell
viability and proliferation, were also assessed, evaluating cell metabolic
activity and morphological/cytoskeletal organization, aiming for a
future application in cartilage tissue engineering.

2. Materials and methods
2.1. Materials

Collagen from jellyfish (Rhizostoma pulmo) (jCOL) was provided from
Jellagen Pty Ltd. (UK), while collagen from blue shark (Prionace glauca)
skin (sCOL) was extracted using the protocol described in [26]. Briefly,
shark skins were treated with 0.1 M NaOH to remove the non-
collagenous proteins and then treated with 0.5 M acetic acid to extract
collagen, followed by dialysis, all performed in a cold room (3-5 °C) and
finally freeze-dried. Fucoidan from brown algae (Fucus vesiculosus)
(aFUC) was obtained from Marinova (Australia, product: Maritech®
Fucoidan, FVF2011527), while chitosan was produced from squid pens
of giant squid (Dosidicus gigas) (SCHT) according to the protocol used by
Reys et al. [13], with a molecular weight of 348 kDa and a degree of
deacetylation (DD) of 90.1% [27]. In brief, the squid chitin was depro-
teinized in 1 M NaOH at 80 °C for 22 h, and then the obtained chitin was
converted into chitosan using a deacetylation method with the alkaline
process (NaOH), at a ratio of 1:10 (w/v), under temperatures between
85 and 100 °C, over 2 h.

2.2. Characterization of the biopolymers

2.2.1. Amino acid analysis

The amino acid profile of collagen from jellyfish and blue sharks
were determined by quantitative analysis using a Biochrome 30 (Bio-
chrome Ltd., Cambridge, UK). Briefly, 5 mg/mL of jCOL and sCOL were
completely hydrolyzed, and the resultant amino acids were separated by
an ion-exchange column. After derivatization by ninhydrin, the obtained
samples were analyzed at 570 nm. A standard of norleucine was used to
determine the concentration of amino acids on the samples.

2.2.2. Circular dichroism (CD)

Circular dichroism (CD) measurements of jCOL and sCOL were
analyzed using a Jasco Model J-1500 spectrometer and path length of 2
mm quartz cylindrical cuvette (Hellma, Germany). The cuvette was fil-
led with 600 pL of 0.1 mg/mL of collagen in 50 mM acetic acid for each
measurement. CD spectra were obtained by continuous wavelength
scans (average of three scans) from 180 to 240 nm at a scan-rate of 50
nm/min, between 4 and 65 °C temperature range at a heating rate of
4 °C between measurements. For this, the ellipticity () of both collagen
samples (jCOL and sCOL) and denaturation temperature was measured,
and the results were fitted to the Boltzmann sigmoidal curve.

2.2.3. Attenuated Total Reflectance — Fourier Transform InfraRed
(ATR-FTIR) spectroscopy
The ATR-FTIR spectra of the marine biopolymers were obtained in
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transmission mode using a Shimadzu-IR Prestige 21 spectrometer
equipped with attenuated total reflectance (ATR) crystal in the spectral
region corresponding to 4000-600 cm ™! with a resolution of 2 cm ™! as

the average of 32 individual scans.

2.2.4. Sodium Dodecyl Sulphate — Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE was prepared using reagents from Sigma SDS-PAGE re-
agents and cast on a Biorad Mini Protean II System. Freeze-dried colla-
gens were dissolved with 0.5 M acetic acid at 5 mg/mL. The samples
were heated for 10 min at 95 °C to denature the proteins completely, and
30 pL of each collagen sample was loaded in the gel. Also, 4 pL of protein
marker (Page Ruler Prestained protein ladder 10 to 250 kDa) were
loaded along with the samples. The electrophoresis was carried out at
90 V until the frontline reached the lower part of the gel. After running,
the gel was stained with a Coomassie (0.125% Coomassie Blue R 250
(Biorad), 50% methanol and 10% acetic acid) staining solution for 40
min, then soaked 3 times on destaining solution (5% methanol and 7%
acetic acid) during 30 min each and after that with distilled water
overnight.

2.2.5. X-ray diffraction (XRD)

XRD measurements of jCOL and sCOL were performed using a con-
ventional Bragg-Brentano diffractometer (Bruker D8 Advance DaVinci,
Germany) equipped with CuKa radiation, at 40 kV and 40 mA. The data
sets analysis was collected in the 20 range of 5-50° with a step size of
0.02° and 1 s for each step. The average crystallite size was calculated
using the Bragg equation (Eq. (1)), wherein Acykq = 1.5406:

d (A) = )/2sin® ¢h)

2.2.6. Inductively Coupled Plasma (ICP) spectrometer

The biopolymer solutions (1 mg/mL of jCOL, sCOL aFUC, or sCHT in
5% nitric acid) were analyzed by inductively coupled plasma atomic
emission spectrometry (ICP AES) to evaluate principally if the marine
source used contained any contamination due to the presence of heavy
metals. The ICP analysis was performed on a JY 2000-2 spectrometer
(HORIBA Jobin Yvon, USA). The absorption at specific wavelengths (1
= 422.67 nm for Ca, 4 = 213.86 nm for Zn, A = 279.55 nm for Mg, 1 =
407.77 nm for Sr, A = 766.49 nm for K, A = 257.61 nm for Mn, 1 =
214.91 nm for P, 1 = 588.99 nm for Na, 1 = 238.89 nm for Cu, 1 =
259.94 nm for Fe, 1 = 242.80 nm for Au), was measured. The concen-
trations were determined from standard calibration curves prepared
using standard solutions with concentrations of 10 ppm, 5 ppm, 3 ppm,
and 1 ppm. Additionally, some heavy metals as Al, As, Ag, Cd, Hg, and
Pb, were analyzed by ICP-MS (Thermo Xseries), according to their iso-
topes (27, 75, 109, 111, 201, and 206 + 207 + 208, respectively). For
this elementary determination, each sample was dissolved in a solution
that contained 1 mL HNOs3, 2 mL H50,, and 1 mL H5O.

2.3. Development of marine biopolymers hydrogels

Firstly, collagens and chitosan were separately solubilized in
ammonium acetate, while fucoidan was dissolved in ultra-pure water in
different concentrations, 30 and 50 mg/mL for collagens, 30 mg/mL for
chitosan and 100 mg/mL for fucoidan (i.e. 30 mg/mL = 3%, 50 mg/mL
= 5%, and 100 mg/mL = 10%). After that, D-MEM cell culture was
added to the biopolymer solution to neutralize the pH (pH verification
by staining the red phenol present in the medium) in order not to
compromise the viability of the cells. The solutions were then mixed
following the formulations described in Table 1 using an ultra-turrax®-
IKA in low rotations to form a homogenous solution (avoid bubbles) and
sterilized in a Petri dish (approximately 3 mL per dish) using ultraviolet
light in a laminar flow chamber for 30 min. The procedure to obtain
hydrogels is shown in Fig. 1. Moreover, the molds (i.e., each of 48 plate
wells) were redesigned to preserve the hydrogel structure and
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Table 1

Composition of the developed hydrogels prepared by blending of 3 marine origin
biopolymers solutions with the indicated concentration (between brackets is the
polymer ratio in the resulting gel).

Samples Abbreviation ~ Composition
Collagen Collagen Chitosan Fucoidan
jellyfish shark squid seaweed
pens
Hydrogel H, 5% - 3% 10%
jCoL/ (100%) (27.77%) (0%) (16.67%) (55.56%)
CHT/
FuC
Hydrogel Ho - 3% 3% 10%
sCOL/ (100%) (0%) (18.75%) (18.75%) (62.50%)
CHT/
FuC
Hydrogel Hs 5% 3% 3% 10%
jcoL/ (100%) (23.81%) (14.29%) (14.29%) (47,61%)
sCOL/
CHT/
FUC

% of polymer in the original solution; (% of polymer in the gel formulation).

functionality and assess the sustainability and the 3R's policy. For this,
the developed hydrogels can be removed carefully during the unmold
process without damaging the structure. Furthermore, to prevent the
polymer solution from escaping, a silicone film was produced and placed
at the bottom of the 48-plate and fixed with an aluminum plate and
screws. Likewise, each mold contains a 3D-printed cylinder produced
with PLA with weights inside. The other half of the cylinder was kept
empty to contain cotton inside as complementary material, helping on
the absorption process together with the filters paper (digital image in
Fig. 1).

To perform a cellular encapsulation approach, each polymeric so-
lution was mixed with a lower volume of D-MEM medium (50 pL) that
contains a higher concentration of cells, being calculated 1 M cells per
each mL of polymeric solution, to do not change the polymeric volume
significantly, and then were distributed on the 48 CAMPH plate wells
and put on the top of each well, filter paper strips to absorb the residual
water. Afterward, the plate was incubated at 37 °C for approximately 30
min. The filter papers absorbed the liquid solution during the incubation
time and compacted the biopolymers, producing a polyelectrolyte
complex by natural cross-linking.

2.4. Physico-chemical characterization of hydrogels

2.4.1. Scanning Electron Microscopy (SEM)

The morphology of each COL/CHT/FUC hydrogel was analyzed with
a Nova NanoSEM 200 scanning electron microscope (SEM) (JSM-
6010LV, JEOL, Tokyo, Japan). For this analysis, the hydrogels were
inserted into the desiccator for 3 days to remove the residual liquids,
obtaining a dry material without using freeze-drying that would pro-
mote the formation of a porous structure. The samples were then fixed
on aluminum stubs using a mutual conductive adhesive tape and
covered with gold using a Leica EM ACE600 sputter coater.

2.4.2. Water uptake

The water uptake ability of developed COL/CHT/FUC hydrogels was
studied, by weight variation upon incubation in aqueous solution. The
dehydrated biomaterial (Wy) was immersed into Dulbecco's modified
Eagle's medium-low glucose (DMEM, Sigma-Aldrich, USA) (pH = 7.4)
supplemented with 10% fetal bovine serum (Alfagene, USA) and 1%
antibiotic/antimycotic solution (Gibco, UK) at 37 °C during 21 days. At
different time points (1, 2, 3, 6, 12 h and 1, 3, 7, 14, and 21 days), the
samples were withdrawn, the excess solution was absorbed with dried
filter paper, and then weighed immediately (W,,). The percentage of
DMEM cell culture medium absorbed by samples was calculated with
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Fig. 1. Schematic representation of marine hydrogel formation process with and without cells, being demonstrated a digital image of the developed CAMPH plate.

the following Eq. (2):

DMEM uptake (%) = (W, — Wo)/W,*100 )
2.4.3. Degradation assays

The degradation rate of the COL/CHT/FUC hydrogels was studied
according to ISO 10993-13: Biological evaluation of medical devices-
Part 13: Identification and quantification of degradation products from
polymers and by ISO 10993-9: Biological evaluation of medical devices-
Part 9: Degradation of materials related to biological testing. The initial
weight of the biomaterials was recorded as Wi, followed by immersion in
5 mL of PBS (Phosphate-Buffered Saline) containing 20 ng/mL of
collagenase from Clostridium histolyticum, 8 mg/L of lysozyme from
chicken egg white, and 2.6 U/mL of hyaluronidase from sheep testes
type II, incubated at 37 °C at different time points (1, 3,6,12hand 1, 3,
7,14, 21, and 30 days). After each incubation period, the hydrogels were
dried using filter paper to determine the wet weight of the samples and
then frozen overnight and freeze-dried to obtain the dry weight of the
samples (Wgq — weightgreeze-dried)- The degradation rate (Eq. (3)) and the
determination of water uptake during the degradation test (Eq. (4)) was
calculated using the following equations, respectively:

Degradation (%) = (Wi - Wf)/Wi*IOO 3)

Water uptake after degradation (%) = (Wi - Wfd) / Wi *100 (€))
2.4.4. Rheology assays

Rheological analyses were performed using a Kinexus pro+ rheom-
eter (Malvern Instruments, UK), with the acquisition being accom-
plished using software from Malvern: rSpace. The measuring plate-plate
system used in these trials was equipped with an upper measurement
geometry (8 mm of diameter) and a lower plate pedestal, both in

stainless steel (316 grade) with a rough finish to prevent sample slip-
ping. Oscillatory experiments were performed to study viscoelasticity.
Linear viscoelastic region (LVER) for the wet scaffolds (d ~ 8 mm and h
~ 2 mm) was determined through a strain sweep test (0.01-1%) at a
constant frequency (1 Hz) and room temperature. Frequency sweep
curves were afterward obtained. All plots were built by an average of at
least three experiments. First, the adhesivity of materials was measured
using pull away experiments in a rheometer, which involved loading a
sample and then pulling away from the upper plate from the lower
pedestal at a defined gap speed (1 mm-s™%), with 2 s and 1 N of contact
time and contact force, respectively. Then it was recorded the normal
force as a function of the gap. Finally, the area under the force-gap curve
was used to determine the adhesion strength. Each experimental con-
dition was at least repeated three times.

2.5. Marine biomaterials - biological evaluation

2.5.1. Evaluation of cell viability — MTS assay

The effect of hydrogels MEM extracts on the metabolic activity of
chondrocyte-like cell line (ATDC5) was quantified with the MTS assay
that evaluated the bioreduction of a tetrazolium compound, 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxypheyl)-2-(4-sulfofenyl)-2H-
tetrazolium (MTS) (cell titer 96 aqueous solution cell proliferation assay,
Promega, USA). Briefly, 2.5 x 10* cells/well were cultured in a 48 well
plate in Dulbecco's modified Eagle's medium-low glucose (DMEM,
Sigma-Aldrich, USA) supplemented with 10% fetal bovine serum
(Alfagene, USA) and 1% antibiotic/antimycotic solution (Gibco, UK) for
24 h. After this time, the medium was replaced by the different hydrogel
MEM extracts, for this, the leachables were obtained by incubating
hydrogels in contact with the cell medium for 24 h at 37 °C. Cell culture
medium was used as a negative control for cell toxicity, and latex was
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used as a positive control for cell death. The bioreduction of MTS was
quantified by UV-spectroscopy, reading the absorbance at 490 nm in a
microplate reader (Synergy HT, Bio-Tek Instruments, USA).

2.5.2. Live/dead cell viability assay

The viability of ATDCS cells encapsulated in the developed hydrogels
was evaluated by live/dead assay using Calcein-AM (diluted 1:1200)
and propidium iodide (PI) (diluted 1:300) staining. The Calcein-AM was
used to label the cytoplasm of living cells by marking the esterase ac-
tivity (green fluorescence). Simultaneously, PI was used to label dead
cells nuclei in red fluorescence. The encapsulated cells, 1 M cells per mL
of polymeric solution, were cultured in a 48 well plate using D-MEM low
glucose and cultured for up to 7 days. Stained cells were imaged along
the hydrogels using a Transmitted and Reflected Light Microscope with
Apotome 2 (Zeiss — Axio Imager Z1m) at 5x magnification.

2.5.3. Cell morphology and cytoskeletal organization assessment
(phalloidin DAPI)

The morphology of ATDCS5 cells was checked by Phalloidin and DAPI
staining. Phalloidin (5 pL in 1 mL of PBS) was utilized to stain the actin
cytoskeleton (red fluorescence) and DAPI (4',6-diamidino-2-phe-
nyindole, 2 pL in 1 mL of PBS) to stain the nucleus (blue fluorescence).
The encapsulated cells, 1 M cells per each mL of polymeric solution,
were cultured in a 48 well plate using D-MEM low glucose, up to 7 days
in different time points (1, 3, and 7 days). Stained cells were imaged
using a Transmitted and Reflected Light Microscope with Apotome 2
(Zeiss — Axio Imager Z1m) at a magnification of 20x.

2.6. Statistical analysis

Statistical analysis was performed by two-way ANOVA followed by
Tukey's post hoc test, using GraphPad Prism 8.0.1 (GraphPad Software,
Inc., La Jolla, Ca). Differences between the groups with a confidence
level of 95% (p < 0.05) were considered statistically significant. All
results are presented as mean + standard deviation. The significance
level between the groups were represented by symbols of * (p < 0.05), **
(p < 0.01), *** (p < 0.001), **** (p < 0.0001), and by ns (no signifi-
cance). All data were presented as mean + standard deviation (SD).

3. Results and discussion
3.1. Characterization of the marine origin biopolymers

3.1.1. Amino acid analysis

The amino acid contents of two types of collagens from different
origins (jellyfish and shark) were analyzed to determine the composition
in terms of amino acids, with the results being expressed as total residue
per 1000 residues in Table 2.

The studied collagens present a higher presence of glycine (293 and
334 residues), alanine (88 and 118 residues), and glutamic acid (104
and 77 residues), followed by proline, aspartic acid, and hydroxyproline.
The triple-helical sequence of collagen (stable molecule) is composed
essentially by repeat model (Gly-X-Y),, where X and Y typically can be
proline and hydroxyproline respectively, except in the telopeptide re-
gions [28], the first 14 and 10 amino acid sequences present in the N-
and C- Terminus, respectively [29,30]. Accordingly, glycine is the major
amino acid in the collagen structure, corresponding to nearly one-third
of the total amino acids. Total proline (Pro) and hydroxyproline (Hyp)
contents of jellyfish and shark collagen were 96 and 157 residues/1000,
respectively. These contents are correlated with the species, habitat
(Iower or higher temperatures) and highlight the thermal stability of the
collagen helix since the amino acids of Pro and Hyp are involved in the
formation of junction zones stabilized by inter-chain hydrogen bonding
between the carbonyl groups of the polypeptides composing the triple
helix [31,32]. Thus, these contents are associated with the denaturation
temperature of the collagen, for this, it is expected that the collagen from

Biomaterials Advances xxx (xxxx) xxx

Table 2
Amino acid compositions of collagen from jellyfish (jJCOL) and collagen from
blue shark (sCOL) (residues per 1000 total amino acids residues)

Amino acid JCOL (mol %o) sCOL (mol %o)
Aspartic acid (Asp) 84.48 43.44
Threonine (Thr) 39.34 21.93
Serine (Ser) 54.33 45.86
Glutamic acid (Glu) 104.40 77.77
Glycine (Gly) 293.11 325.46
Alanine (Ala) 88.90 118.93
Cysteine (Cys) 5.28 3.56
Valine (Val) 28.44 21.36
Methionine (Met) 8.18 17.38
Isoleucine (Ile) 17.03 15.67
Leucine (Leu) 34.23 25.64
Norleucine (Nleu) 17.20 13.82
Tyrosine (Tyr) 10.56 6.55
Phenylalanine (Phe) 21.29 18.80
Hydroxylysine (OHlys) 25.72 6.98
Histidine (His) 4.09 7.69
Lysine (Lys) 22.99 25.50
Arginine (Arg) 44.11 45.86
Hydroxyproline (Hyp) 29.82 65.56
Proline (Pro) 66.50 92.24
Total 1000

sharks may render higher denaturation temperature when compared
with collagen from jellyfish [32-34]. Also, if the contents of hydroxy-
proline increase, the mechanical properties as measured by rheology
and the gel strength are expected to increase, given the higher number of
intermolecular bonds formed by this amino acid [35]. Additionally, it
has been reported that type II collagens frequently had low contents of
methionine, histidine, cysteine, and tyrosine, which occurs in many
marine origin collagens, such as jellyfish, fish, or from shark [36,37].

3.1.2. Circular dichroism

The circular dichroism (CD) was used to characterize the structural
compliance and the denaturation temperature of the studied collagen.
Fig. 2a) demonstrates the CD spectra of the two collagens in the wave-
length range of 180-240 nm. Each spectrum represents the profile ob-
tained for collagen from jellyfish (Fig. 2-al) and for collagen from shark
samples (Fig. 2-a2). Two important peaks are observed, a positive peak
at 220 nm and a negative peak at approximately 198. This kind of profile
is reported in the literature for being characteristic of the presence of a
triple-helical collagen structure and random coil, respectively [38-40].
However, it is noticed in Fig. 2-al some interferences, which may be
related to some structural instability of protein to maintain the triple
helix during the process of dissolving the sample in acid solution or some
part of the protein has denatured, this behavior isn't noted on shark
sample.

According to statistical analysis, the denaturation temperature point
to be 30.8 °C + 1.28 for the jCOL sample and 32.3 °C £ 0.34 for sCOL,
determined by applying a sigmoidal curve to the variation of molar
ellipticity at 220 mm with increasing temperature and calculating the
inflection point. Above these reference values, the collagen is
completely denatured, which is directly related to the structural loss of
the triple helix, and the positive peak at 220 mm would not be visible
[41]. Compared with other collagen samples in the literature, similar
profiles are possibly observed [42-44]. As described above, the dena-
turation temperature is directly related to the Pro and Hyp contents.
According to the results, if we associate the CD results and the values of
hydroxyproline and proline, the sCOL presents a higher content of Pro
and Hyp than jCOL, which can indicate more structural stability of the
former and is in agreement with the observed highest denaturation
temperature.
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Fig. 2. Marine biopolymers spectroscopically characterization: a) CD spectra of the jCOL (al) and sCOL (a2) obtained at different temperatures; b) Attenuated Total
Reflectance — Fourier Transform InfraRed (ATR - FTIR) spectra of b1) collagen from jellyfish; b2) collagen from blue shark; b3) chitosan from squid pens and b4)

fucoidan from brown algae.

3.1.3. Attenuated Total Reflectance — Fourier Transform InfraRed (ATR-
FTIR) spectroscopy

The FTIR spectra of the different marine biopolymers studied in this
work are shown in Fig. 2b. The spectra bl) (jCOL) and b2) (sCOL)
correspond to collagen samples, which contain a typical profile of
characteristic bands of the collagen. The amide A band of jCOL and sCOL
was found at 3294 cm ™! and 3287 cm™}, respectively, associated with
the N—H stretching vibration and suggests the existence of hydrogen
bonds, probably due to a carbonyl group of the peptide chain. [30,45].
The amide B band can be observed in the range between 3000 and 2870
cm ™}, which corresponds to an asymmetrical stretching of CHy [36]. The
occurrence of the peaks at 2941 and 2934 cm ™! confirm the presence of
amide B in these collagen samples. The amide I band arises between

1650 and 1635 cm ™!, with the peaks in the spectra of the studied
collagen being observed at 1647 and 1636 cm™*, respectively. This band
corresponds to the stretching vibration of C=0 (carbonyl) groups in
proteins, which can be used to analyze the secondary structure [45,46].
The peak of the amide II band is observed typically near 1540 cm™,
being observed in both collagen at 1541 cm ™, this amide is associated
with N—H bending vibration coupled with C—N stretching vibration
[30,47]. In addition, the amide III bands of jCOL and sCOL were found at
the wavenumber of 1240 cm™! and 1238 cm™}, respectively, and are
associated with N—H deformation and C—N stretching vibration [48].
In general, the profile obtained for jCOL and sCOL are similar to the FTIR
spectra of collagens obtained from other marine species described in the
literature [49-52]. The FTIR spectrum b3) corresponded to the chitosan
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sample (sCHT) and exhibited broadband in the range of 3600-2700
em ™! with a peak at 3302 cm ™, which is typically associated with the
intramolecular hydrogen bonding between the stretching vibration of
the N—H stretching vibration of the chitosan biomacromolecule
[53,54]. The results demonstrated peaks at 1657, 1584, and 1377 em™,
assigned to amide I, amide II, and amide III bands, corresponding to
vibration of C=0 and N—H (amide I), vibration of N—H (amide II),
C—H (amide III), while the peaks obtained between 1200 and 950 em !
are associated with C-O-C and C—O bonding. The FTIR chitosan profile
is similar to the one obtained with chitosan from described in the
literature [54-56].

The fucoidan from brown algae was also characterized by FTIR, with
the representative characteristics peaks being shown in the spectrum in
Fig. 2-b4): a large band centered around 3387 cm™!, attributed to the
hydrogen-bonded O—H stretching vibration; a low-intensity peak at
2930 cm ™! for the aliphatic C—H [57]; an important peak at 1632 cm ™
corresponding to the asymmetric stretching of the O—C—O vibration,
connected the absorbance of uronic acid [58]; the S=O stretching peak
at 1215 cm ™! related to the presence of sulfate groups [59,60]; the band
around 1016 cm ™! associated to glycosidic links [61,62]; the absorption
peak around 816 cm™! attributed to the C—O—S bending vibration of
sulfate substituents [60,61] and in addition a peak at 664 attributed to
the asymmetric and symmetric O=S=0 deformation of sulfates [58,63].

3.1.4. Sodium Dodecyl Sulfate — Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

The molecular weight of the studied collagen and collagen samples of
reference (type I collagen from bovine skin and type II collagen from
chicken) was determined by SDS-PAGE (Fig. 3a) as this technique per-
mits the separation of denatured protein chains according to their size.
The electrophoresis analysis confirmed the presence of typical patterns
of the collagen, namely, f, al, a2, and a3 chains. According to the
literature, the presence of the p chain indicates the presence of inter-
molecular crosslinking between the polymeric chains of two collagen
molecules, and the alpha 1 («1) and alpha 2 («2) represents the principal
domains of the collagen structure: alpha polypeptidic chains [64-66].
Additionally, the presence of alpha 3 («3) depends on the species-
specific variation in collagen composition [47]. In this order, the
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obtained patterns suggest for sCOL a mass values of ~250, ~120, ~115,
and ~80 kDa, which represents B, al, a2, and a3, respectively. Simi-
larities are found in the patterns of collagen from bovine skin (p = 250,
al =130 and a2 = 110 kDa), which indicates that collagen from shark
skin is compatible with collagen-like type I. Regarding to jCOL sample, it
is possible to observe the presence of three principal and distinct chains,
the B, a1, and «3. The molecular weight of each pattern is close to 260,
130, and 100 kDa, respectively. The molecular weight observed on this
sample is approximately 125 kDa, which is according to the type II
collagen composition since they are composed of 3 identical alpha
chains, and for this reason, it is expected that the first alpha band
comprises a higher intensity, approximately between 100 and 130 kDa.
Similar patterns are observed in type II collagen from chicken (column
2), which have mass values near 260, 130, and 115 kDa, corresponding
to B, al, and a2 chains. These comparations suggest the studied jCOL
shares similarities with collagen type II, according to the evidence pre-
viously found indicating an ancient role for jellyfish collagen, sharing
features with different types of human collagens [67]. The jCOL results
are consistent with the results obtained by the SDS-PAGE provided by
the company Jellagen Pty Ltd. (UK), which indicates the sample is a
collagen-like protein, with a high oligomer content and don't have in-
dications of low molecular weight contaminants (not being visible also
in our result). The literature reports similar patterns with collagen from
analogous species to the studied samples [50,68,69].

3.1.5. X-ray diffraction (XRD)

The XRD analysis was performed to recognize some structural as-
pects of the studied collagen. As shown in Fig. 3b, the diffraction pat-
terns of jCOL and sCOL coincide with other spectra found in the
literature [49,70] and are composed of a peak at 12.5°, due to the
presence of a triple helix. Shifts can occur on diffraction angle (26),
related to the arrangement of the triple helix, types of collagen, and
species (mammal or marine) [71,72]. According to the Bragg equation,
the observed peaks correspond to a d value of 7.24 A for the jCOL sample
and 7.11 A for sCOL, which are associated with the distance of the
molecular chains of the triple helical structure. The broad peak (amor-
phous scatter) that appeared around 40-50 (26) results from unordered
components of the protein [70].

Diffraction angle (26)

Fig. 3. Marine biopolymer characterization; a) SDS-PAGE (9%) pattern of analyzed collagen samples. L: Page Ruler Prestained protein ladder — 0 to 250 kDa; 1:
standard collagen from bovine skin (type I); 2: standard collagen from chicken (type II); 3: collagen from shark (sCOL) and 4: collagen from jellyfish (jCOL). The

symbols of *, **,
collagen from jellyfish (jCOL) and collagen from shark (sCOL).

* and **** correspond a different pattern, that * indicates the p chain, ** to a; chain, *

to ap chain, and **** to ag chain; b) XRD spectra of
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3.1.6. Inductively Coupled Plasma (ICP) spectrometer

Heavy metals, metals, and other elements such as Arsenic (As),
Cadmium (Cd), lead (Pb), Strontium (Sr), Iron (Fe), Mercury (Hg),
Calcium (Ca), and Sodium (Na) can be found in marine sources, raising
concerns due to their capacity to accumulate in living tissues, being
consequently potentially toxic to the organisms. Therefore, to determine
the feasibility of using the studied marine biopolymers in tissue engi-
neering and regenerative medicine as biomaterial, the content of some
elements was analyzed by ICP-AES and ICP-MS. The results are shown in
Table 3.

Some entities, such as U.S. Pharmacopeia Convention (USP), and U.
S. Food and Drug Administration (FDA), European Medicines Agency
(ICH guideline Q3D (R1) on elemental impurities), and International
Organization for Standardization (ISO), have defined guidelines to
specify the maximum limits for the amounts of elemental impurities in
products, according to the daily dose permitted (based on a 50 kg per-
son), as drug products, cosmetics, and food (values for Parenteral
Component Limit) [73-76]. In the present study, the results demon-
strated that all studied elements present in each marine sample, high-
lighting the elements Al, Ag, Au, Ca, Cu, Fe, K, Mg, Mn, Na, P, Sr, and Zn,
are present in low amounts and below the listed limits. However, some
heavy metals such as As, Cd, Hg, or Pb were detected in some samples in
quantities slightly above the tabulated reference values, which can
compromise the cells viability and promote some mortality.

Unfortunately, these guidelines aren't specific for biomaterials
envisaging the use in biomedical applications, and there is still a need to
create new regulations for the limits of heavy metal and metal impurities
in natural samples considering the specific application and potential
body uptake.

3.2. Production of marine biopolymers hydrogels and physical-chemical
characterization

The present work introduces a recent innovative methodology for
preparing polymeric systems compliant with cell encapsulation, as
described in the experimental section (2.3). The efficiency of the pro-
posed eco-friendly method to produce both cell-free and cell-laden
hydrogels was first assessed by observing the cohesiveness of the sys-
tems and their handleability, namely using forceps, with all formula-
tions withstanding manipulation, including when incubated in an
aqueous solution or cell culture medium.

Table 3

Elementary contents present on studied marine source. jCOL — collagen from
jellyfish; sCOL - collagen from shark; sCHT — chitosan from squid pens; aFUC —
fucoidan from brown algae.

Elements Content of each sample (ppm) National standard (ppm)
jCOL sCOL sCHT aFUC

Al <10 195 <10 173 500

As <4 <4 <4 <4 1.5

Ag <0.2 30 0.5 <0.2 50

cd <0.1 <0.1 <0.1 0.9 0.5

Hg <0.1 1.5 <0.1 <0.1 0.5

Pb <0.2 3.9 <0.2 0.8 0.5

Au <0.1 <0.1 <0.1 <0.1 1

Cu 0.4 0.3 0.3 <0.6 10

Fe 0.3 0.3 0.3 0.5 150

Zn <0.1 <0.1 <0.1 <0.1 150

Mg <1 <0.4 <0.4 <10 Under deliberation

Mn <0.3 <0.3 <0.4 <0.4 70

Sr 0.5 0.5 0.5 <2 300

Ca 1 1 <0.4 19.8 -

K 0.5 0.5 0.5 31.5 -

Na 3.3 0.4 <0.5 <10 -

P 1.5 3.0 <0.1 <0.2 -
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3.2.1. Morphology by Scanning Electron Microscopy (SEM)

The surface morphology of the developed hydrogels was investigated
by scanning electron microscopy. In Fig. 4a, it is clearly noticed that all
hydrogel systems presented a compact structure promoted by the
CAMPH methodology, being observed the occasional appearance of few
pores, but not uniformly distributed in the structure. Nevertheless, by
comparing the images illustrating the different formulations, it seems
that the presence of jellyfish collagen resulted in a less porous structure,
eventually due to a stronger interaction and aggregation of the enrolled
biopolymers.

3.2.2. Water uptake abilities

The water uptake test was performed to appreciate the swelling
ability of the developed hydrogels, as shown in Fig. 4b. The results
demonstrated that all formulations have the ability to reabsorb liquids
(DMEM cell culture medium) after being dehydrated. Moreover, they
were capable of absorbing large quantities of culture medium in the first
24 h, after this, the hydrogels tend to maintain the weight (saturation
phase) approximately during 20 days until some natural degradation of
the polymers or hydrogel disassembly starts to be visible. During the
experimental time, it is clearly verifiable that all profiles exhibited a
great capacity to absorb liquids, with H, and H3 showing more stability
and less natural degradation when compared with H;, which can be
useful when the envisaged biomedical approach needs a longer exposure
time. It is also visible by the naked eye the natural degradation of H; on
the last time point (Fig. 4c-4) after 21 days of incubation when
compared with the previous timepoint (Fig. 4c-3; temporal difference of
168 h). Furthermore, during the experiment, it was verified that the
developed hydrogels are compliant with physiological temperature
(37 °C) without compromising their structure.

3.2.3. Degradation rate assay

The physiological polymer degradation is an important key for tissue
engineering to understand the biomaterials degradation time-scale. It is
vital to coincide with the regeneration/healing process time-scale to
ensure the proper remodeling of the targeted tissue [77]. Actually,
several factors influence the degradation rate of the polymers, such as
thermal-, mechanically, type of chemical bond, pH, (co)polymer
composition, water uptake, chemically and enzymic [78,79]. In this
work, we addressed the hydrogel degradation by enzymatic reaction
using collagenase, hyaluronidase, and lysozyme with a similar concen-
tration to the one found in human blood plasma [80,81] results being
depicted in Fig. 5a, b, and c). Collagenase is an enzyme that can be
found in all multicellular animals, responsible for breaking the peptides
bonds and cleaving the triple-helical structure of collagen [82]. Hyal-
uronidase can be found in the human body, and it is responsible for
cleaving the hyaluronic acids (HA), acting on (1-4)-linkages between the
N-acetylglucosamine and glucuronate [83]. Additionally, it is reported
in the literature that this enzyme can also act on the catabolism of
chondroitin sulfates (CS), although with slower action than in HA [84].
Although our formulations do not contain hyaluronic acids nor chon-
droitin sulfates, marine biopolymers with similar glycosidic bonds were
used, as chitosan and fucoidan. Chitosan is a polysaccharide composed
of D-glucosamine and N-acetyl-D-glucosamine, being structurally iden-
tical with monomers of HA and can be degraded by hyaluronidases and/
or lysozymes [85], namely considering that the human body doesn't
contain chitosanases (an enzyme responsible for cleaving chitosan).
Lysozymes is a glycoside hydrolase that acts on 1,4-beta-linkages be-
tween acetylmuramic acid and N-acetyl-D-glucosamine residues in
peptidoglycan [86].

On the other hand, fucoidan is a sulfated polysaccharide not avail-
able also in the human body (neither its specific enzyme, fucoidanase)
but sharing a structural composition with sulfated glycosaminoglycans
(GAG's), namely chondroitin sulfates [87]. Unfortunately, fucoidan
cannot be hydrolyzed by lysozyme since it contains a(1-3) glycosidic
linkages in its structure instead of (1-4) glycosidic linkages [88].
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Fig. 4. Marine hydrogel characterization: a) Scanning Electron Microscope (SEM) images of the developed hydrogels H; — jCOL/CHT/FUC; H, — sCOL/CHT/FUC;
and H; — jCOL/sCOL/CHT/FUC). The images in surface 0° were obtained at the magnification of 200x (scale bar: 100 pm) and 500x (scale bar: 50 pm), and images
in surface tilt 30° were obtained at the magnification of 100x (scale bar: 100 pm) and 500x (scale bar: 50 pm). b) Assessment of the degree of swelling in each
hydrogel (H;, H, and H3), immersing in DMEM cell culture medium for 21 days (504 h). Data are mean =+ standard error (n = 3, statistical significance for * p < 0.05
and *** p < 0.001). ¢) Digital photographs of one condition hydrogel (H;) (representative of all hydrogel studies) during the water uptake time, which ¢1) hydrogel
as prepared, ¢2) dehydrated hydrogel, ¢3) hydrogel after 14 days (336 h), and c4) after 21 days of incubation in DMEM cell culture medium.
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Fig. 5. Marine hydrogel characterization (enzyme degradation): a) assessment of weight variation as a measure of hydrogel degradation using an enzyme cocktail
solution (collagenase, hyaluronidase, and lysozyme in PBS), during 30 days at 37 °C. b) Assessment of water uptake contents during the degradation time. ¢) Digital
photographs of the three hydrogel formulations during the experiment time, showing the most relevant timepoints (0, 72, 168, 338, 505, 720 h), scale bar of 6 mm.
d) Oscillatory rheological behavior of different marine hydrogels that were showing the elastic modulus (G') as a function of the frequency. Values are mean + SD of

three independent experiments, () H; — jCOL/CHT/FUC; (a) Hy — sCOL/CHT/FUC; and ([J) H3 — jCOL/sCOL/CHT/FUC.
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Additionally, human body doesn't have enzymatic capacity to promote
the degradation of fucoidan but it is known that some fucoidan samples
can inhibit the action of hyaluronidase [89], from which we used the
lysozyme to act on chitosan in case of the hyaluronidase stay inactive.

In the present research, all these actions can be related to the ability
of the hydrogels to last several days (more than 30 days). In Fig. 5a it is
demonstrated the weight variation for all conditions when submitted to
the enzymatic cocktail solution. Initially, all hydrogels formulations had
the ability to absorb water, and after a few days, they have lost weight
and further disassembled, losing polymer mass. The formulation that
could resist more time until start the degradation was the H3 (between
day 14 and 21), presenting around 18% mass loss over the 30 days,
while H; and Hs have a loss of mass around 35% and 44%, as can be
appreciated in Fig. 5c. The water uptake ability of the hydrogels during
the degradation test was also assessed (Fig. 5b). The results have shown,
for all formulations, that the water uptake occurred quickly within 1 h
(increased for around 2000%) and maintained roughly constant during
the entire experiment. Additionally, it is important to highlight the ge-
ometry of the hydrogels, being visible in Fig. 5c that the Hs was the
formulation that could keep its initial geometry for a longer time when
compared to the other formulations (H; & Hj). Also, the size of the
hydrogels (all biomaterials were made on 96 plate wells, with the same
volume of solutions) can be related to the collagen used since chitosan
and fucoidan amounts used were the same in all formulations. The
formulation that contains shark collagen (Hp) is bigger than the
formulation with jellyfish collagen (H;), despite having less amount of
protein, showing the impact of the differences of the two collagens used
on polymers assembly: when we mixed both collagens together (Hs) the
size of the hydrogel is the biggest, as more polymers are present.

3.2.4. Rheology assay

The rheology of different marine hydrogels was performed to
appreciate their mechanical properties, basically the resistance to shear
stress as a mimic of the natural force applied by the locomotion and wear
after implantation in articular cartilage as a therapeutic biomaterial. For
this purpose, to assess the appropriate strain and frequency range for
linear viscoelastic behavior, G’ (or elasticity modulus), G” (or viscosity
modulus), and G”’/G’ (or loss tangent, tan §) were determined as a
function of shear frequency (Fig. 5d).

In general, the results for all hydrogels were very similar between
them, especially Hy (sCOL/CHT/FUC) and Hs (jCOL/sCOL/CHT/FUC),
with G’ values increasing from 4.7 kPa to 13.8 kPa throughout the fre-
quency sweep performed. Despite their similarities, the H; (jCOL/CHT/
FUC) seemed to present higher values of G’ (from approximately 9.3 to
32.0 kPa), although not statistically different from the other hydrogel
formulations (two-way ANOVA, **** p < 0.0001). Characteristically,
when G’ > G”, and tan § < 1, the behavior of samples tends to be more
like a gel elastic solid character (strong gel), usually reflecting the for-
mation/connectivity of the polymeric network [90,91]. In all developed
formulations, the phase angle (5/°) is close to 0° thus, tan & is also close
to 0, from which G” < G, indicating a mechanically stable structure by
their strong elastic-solid character. Regarding these mechanical char-
acteristics, the produced hydrogels show high potential to be applied to
support the biological forces during and after implantation in articular
cartilage, envisaging their use as tissue regeneration biomaterial [92].
This approach will be proved in future studies using animal models. In
the literature, equivalent behavior is found using different and similar
polymers composing scaffolds for biomedical approaches [93,94].

The tackiness or adhesive strength of the hydrogels plays an inter-
esting factor, assessing their capacity to adhere to a specific place,
essentially to the host lesion site upon removal of the damaged tissues, to
restore them. In some cases, as in articular cartilage zones, the tissues
are subjected to constant movements exerted by the day-to-day tasks;
hence, the implanted biomaterials need to be pressure-resistant and able
to fix to the connective tissue to avoid implant dislocations during or
after surgery [95]. The adhesivity strength of each of the marine
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biopolymers used to develop hydrogels and of these hydrogels is shown
in Table 4.

The adhesive force of each biopolymer was measured to understand
their own contribution to the adhesivity, being noticed a more consid-
erable value for fucoidan (aFUC). This behavior is in accordance with
the observations by Citkowska et al. [96], which demonstrate the ratio
between mucoadhesive versus contents, in which a stronger mucoad-
hesive property corresponds to a higher percentage of fucoidan in so-
lution. Regarding the collagen samples, both dissolved at 5% in acetic
acid (50 mg/mL), it is noticed that the adhesivity results depend on their
physico-chemical properties, such as viscosity, type of collagen, and
species, since for this experiment, both collagen are at same solution
concentration [97].

Considering the adhesivity properties of the developed hydrogels,
the results are coherent with the biopolymers since the combination of
polymers increases the adhesive properties. Moreover, Hy has a value
higher than the one determined for Hj, in agreement with the collagen
used to prepare the respective hydrogels (adhesivity of sCOL > jCOL),
despite the differences in collagen concentration. Nevertheless, the
formulation that demonstrated a better adhesivity is Hs, which indicates
a particularly synergic effect of combining the two collagens with the
polysaccharides.

3.3. Marine biopolymers hydrogels as templates for the culture of
chondrocytes

3.3.1. Evaluation of cell viability — MTS assay

The cell viability on the produced hydrogels and their eventual
cytotoxicity were assessed by evaluation of the metabolic activity of
chondrocyte-like cell lines (ATDC5), as determined by MTS assay using
hydrogels extracts (according to International Standard ISO/EN 10993-
5 [98]), which consists of contact DMEM cell culture medium with these
hydrogels. The data are shown in the graph in Fig. 5a. The results
demonstrated that the extracts obtained from the marine hydrogels did
not compromise the metabolic activity of cells since the percentage of
activity did not significantly change when compared with negative
control (cells in culture medium) (data not shown). As mentioned in ISO
10993-5, the cell viability on the extract should be >70% of the control
group for the material to be considered non-cytotoxic. Since the per-
centage of viable cells exposed to the extracts remained close to 100%,
these hydrogels can be considered non-cytotoxic. Previously, similar
results have been observed by other authors that prove that these bio-
polymers aren't considered cytotoxic for cells [13,18,99].

3.3.2. Live/dead cell viability assay — calcein/PI staining

The viability of the encapsulated cells (ATDC5) on different marine
collagen (jellyfish and/or shark)-chitosan-fucoidan hydrogels was
assessed by fluorescence microscopy after staining with Calcein-PI. The
Calcein-AM is responsible for staining the living cells, giving them a

Table 4

Adhesivity of different marine biopolymers: jCOL —
collagen from jellyfish; sCOL — collagen from shark;
sCHT - chitosan from squid pens; aFUC - fucoidan
from brown algae; and of the different hydrogel for-
mulations (mixture of these biopolymers): H; —jCOL/
CHT/FUC; Hy — sCOL/CHT/FUC; and Hz — jCOL/

sCOL/CHT/FUC.
Samples Adhesivity (N.s.)
jCoL 0.098 + 0.003
sCOL 0.132 + 0.014
sCHT 0.056 + 0.002
aFUC 0.287 + 0.021
H; 0. 319 + 0.038
H, 0.343 + 0.003
Hs 0.779 + 0.072
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green fluorescence color, and the propidium iodide (PI) stained the dead
cells with a red fluorescence color. The chondrocyte cells were encap-
sulated onto the hydrogels and cultured for 7 days (Fig. 6b). All images
demonstrate a high predominant of green fluorescence, which indicates
the presence of live cells, apparently increasing with culture time.
During the experiment, a continuous proliferation of cells was observed
on the developed hydrogels, being visible the cell distribution on the top
of the hydrogels, and also inside of the structure, which supports their
capacity to sustain the cell viability when encapsulated. Recently,
similar results can be found in the literature for biomaterials composed
of one marine polymer [100,101] or blending two polymers [102].

3.3.3. Cell morphology and cytoskeletal organization assessment -
phalloidin/DAPI staining

The ATDCS5 cell morphology was observed by fluorescence micro-
scopy after staining with Phalloidin/DAPI. The Phalloidin is responsible
for staining the cytoskeleton of cells, giving the idea of the cell
morphology by the presence of red fluorescence color, and the DAPI will
only stain the viable cell nuclei in blue fluorescence color [103]. The
results observed in Fig. 6¢) indicated that the cells can completely
adhere to the developed hydrogels. After 3 days of culturing (encapsu-
lation method), the acquirement of cell stretches is visible, which in-
dicates cell adhesion on the structure. During the experiment time (7
days), the cells continually exhibit their morphology elongated, sug-
gesting that biomaterials have a suitable microenvironment to support

% cell viability
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the viability of cells. These results are in accordance with the Live/dead
assay since it is noticed that cell growth through time is related to cell
proliferation.

4. Conclusion

The CAMPH (compressive and absorption methodology of the pro-
duction of hydrogels) method was established to develop polymeric
biomaterials — herein demonstrated with the combination of collagen
from jellyfish and shark skin, chitosan, and fucoidan - enabling both
acellular and encapsulated cell approaches. In brief, this methodology
promotes a compressive force on the polymeric solutions while the ab-
sorption of the residual solvents occurs, which induces their natural
crosslinking based on electrostatic interactions between oppositely
charged polymers with no intervention of external chemical crosslinking
agents. This eco-friendly procedure rendered cohesive hydrogels in
which the collagen type (from jellyfish or shark skin) affected the
physico-chemical properties and biological performance. The polymeric
characterization demonstrates that the collagens used have a denatur-
ation temperature of around 30-32 °C and a molecular weight of
120-125 kDa. In contrast, concerning biomaterial characterization
(such as in degradation test), the results showed a mass loss around 18%
for Hs (over the 30 days) while the H; and Hy, present a mass loss around
35% and 44%, respectively. Thus, in general, the results suggest that all
the developed marine hydrogels are promising as template devices for

Days
1
. 2
I 3

Fig. 6. In vitro biological assessment of collagen (jellyfish/shark)/chitosan/fucoidan hydrogels with a culture of ATDC5 chondrocyte cells. a) The cell viability
percentage was determined by cytotoxicity assessment using MTS assay in different hydrogel leachables (H; — jCOL/CHT/FUC; H, — sCOL/CHT/FUC; and H3 — jCOL/
sCOL/CHT/FUC). Data are mean + standard error (n = 3, statistical significance for ** p < 0.01). b) Microscopy of Live/dead assay of hydrogels (H;, Hp, and H3),
cultured up to 7 days at the magnification of 5x (scale bar 200 pm). The live cells are demonstrated in green fluorescence and the dead cells in red. ¢) Microscopy
images of hydrogels (H;, Hy, and H3) cultured up to 7 days staining with Phalloidin DAPI at the magnification of 20x (scale bar 50 pm). The nuclei of the cells are

demonstrated in blue fluorescence and the cytoskeleton in red fluorescence.
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tridimensional cell culture since all supported the proliferation of
chondrocyte-like cells, highlighting the formulation H3 (jCOL, sCOL,
sCHT, and aFUC) that combines both collagens as resulting in a more
biomechanically stable hydrogel, interesting for future application in
cartilage tissue engineering and regenerative medicine. In the future
approach, the biological behavior of the hydrogels should be tested with
primary chondrocyte cells (verify if maintaining their phenotype) and
increase the culture time to analyze the occurrence of ECM production.
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