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Abstract: Current management for diabetes has stimulated the development of versatile 3D-based
hydrogels as in vitro platforms for insulin release and as support for the encapsulation of pancreatic
cells and islets of Langerhans. This work aimed to create agarose/fucoidan hydrogels to encapsulate
pancreatic cells as a potential biomaterial for diabetes therapeutics. The hydrogels were produced
by combining fucoidan (Fu) and agarose (Aga), marine polysaccharides derived from the cell wall
of brown and red seaweeds, respectively, and a thermal gelation process. The agarose/fucoidan
(AgaFu) blended hydrogels were obtained by dissolving Aga in 3 or 5 wt % Fu aqueous solutions
to obtain different proportions (4:10; 5:10, and 7:10 wt). The rheological tests on hydrogels revealed
a non-Newtonian and viscoelastic behavior, while the characterization confirmed the presence of
the two polymers in the structure of the hydrogels. In addition, the mechanical behavior showed
that increasing Aga concentrations resulted in hydrogels with higher Young’s modulus. Further, the
ability of the developed materials to sustain the viability of human pancreatic cells was assessed by
encapsulation of the 1.1B4HP cell line for up to 7 days. The biological assessment of the hydrogels
revealed that cultured pancreatic beta cells tended to self-organize and form pseudo-islets during the
period studied.

Keywords: fucoidan; agarose; hydrogels; diabetes mellitus; cell encapsulation; pancreatic beta cells;
marine biomaterials

1. Introduction

One of the most promising areas of biomaterial development is the use of hydrogels
as scaffolds for tissue engineering [1]. In this area, the application of hydrogels is very
popular as these can act as a matrix for the delivery and retention of cells and growth
factors within the site of injury, or as particles for encapsulation and sustained release of
drugs [2-5]. In that way, different hydrogels have been proposed as versatile platforms for
the engineering of bone, cartilage, vascular, and cornea tissue, as well as for the treatment of
some diseases, namely diabetes mellitus [4]. Diabetes is a metabolic disorder characterized
by high plasma glucose levels and can be classified as type I or type II (insulin-dependent or
non-insulin-dependent, respectively). Pancreatic beta-cell replacement therapy by clinical
islet transplantation (CIT) has been shown to be a promising alternative to conventional
insulin treatment used for type I diabetes. However, CIT is limited by the significant risks
involved in the use of immunosuppressive drugs to prevent the rejection of allogeneic donor
islets. In diabetes monitoring and therapy, important cues have to be further explored,
and thus advanced hydrogels are being developed to monitor high glucose levels, release
insulin, or encapsulate pancreatic cells [6].

Molecules 2023, 28, 4523. https:/ /doi.org/10.3390/molecules28114523

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28114523
https://doi.org/10.3390/molecules28114523
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-4268-9419
https://orcid.org/0000-0002-1870-6904
https://orcid.org/0000-0001-8582-2465
https://orcid.org/0000-0002-4295-6129
https://orcid.org/0000-0001-8520-603X
https://doi.org/10.3390/molecules28114523
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28114523?type=check_update&version=1

Molecules 2023, 28, 4523

2 0f23

Hydrogels are insoluble 3D networks containing a high amount of water (at least 10%
of the total weight or volume) [4,7], that may be produced using natural (i.e., agarose [8],
collagen [9], gelatin [10], and chitosan [11]) and/or synthetic (i.e., poly (ethylene glycol)
(PEG) [12], polyacrylamide (PAA) [13], polydimethylsiloxane (PDMS) [14]) polymers.

Hydrogels can be produced by physical gelation methods such as thermo-gelation [15],
ionic crosslinking [16], pH sensitivity [17], and host-guest interaction [18] or by chemical
crosslinking methods such as photopolymerization [19], click chemistry [20], enzyme-
mediated crosslinking [21], and through the use of a crosslinking agent [22] establishing
covalent bonds between polymeric chains to form an intricated network [23-25].

In this work, fucoidan and agarose were combined using thermo-gelation (changing
from a fluid to a jelly-like state upon temperature decrease) to produce hydrogels as a
platform with the potential to be applied in diabetes treatment. Fucoidan is a marine-
origin sulfated anionic polysaccharide that can be extracted from different brown algae
species, but also from some marine invertebrates (such as sea urchins and sea cucumbers
(echinoderms)) [26-29]. Generally, the chemical structure of fucoidan is composed of
L-fucose and sulfate groups, and different amounts of other sugars, such as glucuronic
acid, xylose, galactose, and mannose, might also be present [27,29]. Fucoidan has been
described as presenting diversified bioactive properties, such as anti-inflammatory [26,30],
anticoagulant [26,31], antifibrotic [32], antibacterial, antitumor [31,33,34], blood glucose
reducing [35], and antioxidant [7,31,36] activities. However, despite these promising
biological properties, the biomedical use of fucoidan as a component of scaffolds faces
some bottlenecks associated with its high water solubility hampering the production of
cohesive polymeric matrices without chemical crosslinking strategies. Agarose, a neutral
polysaccharide, is the main component of agar, which is derived from the cell wall of
red algae [37,38]. The agarose structure consists of a basic repeat unit composed of 1,3-
linked-d-galactopyranose and 1,4-linked 3,6-anhydro-a-I-galactopyranose [39,40]. Agarose
can form gels in a thermo-reversible way under heating—cooling cycles with a significant
hysteresis, suggesting its use as gelling agent suitable for many applications, including in
the biomedical field, namely in the production of biomaterials for cartilage, nervous system,
cardiac, bone, and corneal regeneration and diabetes treatment [41,42]. Considering in
particular the latter, islet encapsulation in hydrogels has been studied for more than two
decades as a potential treatment of type I diabetes mellitus, with the intent of keeping the
implanted cells safe from the recipient ‘s immune system while keeping them active and
producing insulin as needed [6,43]. Indeed, this type of scaffold can potentially provide an
alternative to extra-hepatic transplantation site for islets by improving nutrient diffusion
and blood supply to the scaffold, while preventing contact of the encapsulated cells with
the host immune cells [43-46]. Moreover, several strategies have been explored, from
simple hydrogel systems, with variable performance regarding the diffusion of oxygen and
insulin depending on the gelling process, to functionalized systems incorporating growth
factors promoting the formation of new vessels or smart responsiveness to external stimuli
with an impact on permeability.

This work aims to create an innovative approach that associates marine biopolymers,
agarose/fucoidan (AgaFu), using thermo-gelation. This innovative approach would pro-
mote the design of hydrogels with distinct features for future applications in diabetes treat-
ment. To our knowledge, no reports in the literature suggest the use of agarose/fucoidan
blends for biomedical applications, and naturally, there are no such reports on the specific
area of diabetes treatments. With this purpose, marine biopolymers and the developed
AgaFu hydrogels were extensively characterized regarding their structural changes, rhe-
ology behavior, and polymer distribution. The in vitro cytocompatibility evaluation of
the developed AgaFu hydrogels was performed by encapsulating human pancreatic cells
(1.1B4HP), and proliferation, morphology, and viability were investigated to potentiate
their further use in diabetes treatment.
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2. Results and Discussion

Functional hydrogels envisioned for use in diabetes treatment were developed by
combining two marine-origin polymers, namely agarose (Aga), a gelling polymer, and
fucoidan (Fu), a biologically active polymer, using the experimental conditions displayed in
Table 1, with the respective formulations being designated as AgaFu #x, where the number
in # represents the concentration of fucoidan in the solution, and the letter in x distinguish
the different Aga/Fu weight ratios used (4:10; 5:10, and 7:10 wt).

Table 1. Summary of formulations used in the preparation of Aga and AgaFu hydrogels.

Polymer Solution Concentration (%) Hydrogel
Formulation . .
Agarose (Aga) Fucoidan (Fu) Aga:Fu Ratio
Aga3 3 - -
Agab 5 - -

Fu3 - 3 -

Fub - 5 -
AgaFu 3a 12 4:10
AgaFu 3b 1.5 3 5:10
AgaFu 3c 2.1 7:10
AgaFu 5a 2 4:10
AgaFu 5b 2.5 5 5:10
AgaFu 5c 3.5 7:10

The gel formation was obtained according to the representative scheme in Figure 1A-D.
The solutions containing both fucoidan and agarose had a thermogelling behavior due to
the action of agarose, being liquid at 75 °C but forming a gel upon temperature decrease
until 37 °C. The blended hydrogels composed of AgaFu 3, and AgaFu 5 had a yellowish-
brown color, good homogeneity, and mechanical stability (Figure 1A-C). Aga hydrogels
(Figure 1(D1)) were used as control material rather than Fu alone; Fu does not form
biomechanically stable structures (unless extensive crosslinking strategies are employed)
due to its high water solubility [26,47].

(A) ‘

Fucoidan solution Agarose solution
(B) (€)
/! //"
« - Iy
AgaFu solution at 75°C AgaFu sol-gel solution at 37°C Agarose/fucoidan hydrogels
(AgaFu)
(D)

(D1) Agarose hydrogel (Aga’ (D2) AgaFu 3 hydrogel (D3) AgaFu 5 hydrogel

e Qe 0e

Figure 1. Schematic representation for production of agarose—fucoidan hydrogels (AgaFu). (A) Prepa-
ration of agarose (Aga) or agarose/fucoidan (AgaFu) solutions; (B) transferring of Aga or AgaFu
solutions to molds; (C) Aga or AgaFu gel formation by cooling the solution on air until room temper-
ature and AgaFu hydrogels; (D) photographs of the agarose/fucoidan-based hydrogels (scale bars:
5 mm): (D1) agarose hydrogel, (D2) AgaFu 3 hydrogel, and (D3) AgaFu 5 hydrogel.
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2.1. Physical-Chemical Characterization of Fu, Aga, and AgaFu

To evaluate the influence of the composition of hydrogels on their physical-chemical
properties, several characterization procedures were employed, and the obtained results
were as follows.

2.1.1. Rheology

The viscosity of the solutions of Fu and Aga at 3 and 5% and the blended solutions
(AgaFu 3 and AgaFu 5 at proportions a (4:10), b (5:10), and ¢ (7:10)) was evaluated as a
function of the applied shear rate (Figure 2(A1-A3)). As expected, the Fu solution presented
lower viscosity when compared with Aga solutions, where differences in viscosity are
directly correlated with the gelling property of Aga and its concentration. This reveals that
the gel formation was fundamentally governed by the gelation of Aga, which can confine
the fucoidan in the network established due to polymer chain rearrangement. Furthermore,
both blended (AgaFu 3 and AgaFu 5) solutions displayed shear thinning behavior, in which
the viscosity decreased with increasing shear rate (Figure 2(A2,A3)). This behavior was
explained as the shearing of the polymer chains disrupting the three-dimensional structure
by breaking primary and secondary bonds [48].
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Figure 2. Cont.
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Figure 2. Rheological characterization of Aga 3, Aga 5, AgaFu 3, and AgaFu 5 hydrogels with
different agarose:fucoidan weight ratios (a (4/10), b (5/10), and c (7/10)). (A1-A3) Viscosity curves
as a function of shear rate, (B1,B2) oscillatory curves as a function of temperature, and (C1-C3) shear

stress curves as a function of shear rate with adjusted power-law equations.

The prepared polysaccharide solutions were viscoelastic materials exhibiting solid and
liquid characteristics. The storage (G) and loss (G'') moduli refer to the elastic and viscous
response of a given material to shear stress, respectively [49,50]. In Figure 2(B1,B2), the
evaluation of the storage modulus as a function of temperature is shown for Aga hydrogels
of different concentrations (3 and 5%) and AgaFu 3 and AgaFu 5 at different proportions (a
(4:10), b (5:10), and c (7:10)). All the curves show almost the same behavior. For the AgaFu
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3 hydrogels, the higher ratio of Fu promoted a decrease in G’, with the storage modulus
being independent of temperature (pseudo-equilibrium modulus), but the increase in
Aga proportion in the blend increased the storage modulus for lower temperatures [48].
Furthermore, for the AgaFu 5 formulation, the same tendency was not so evident. The
use of a more concentrated polymeric solution, with increased viscosities, particularly
for the Aga solution, led to a more difficult interaction between the polymeric chains
through a reduction in the chain mobility, also reducing the incidence of the intermolecular
interaction. This is particularly noted for AgaFu 5b, where a significant decrease in G’
was observed when compared with AgaFu 5a. This difficulty was overcome for AgaFu 5c,
where the substantial increase in the number of Aga molecules to pair and able to form the
network of super-helices linked at their ends suppressed the influence of the reduction in
the intermolecular interaction in the network [51].

The fitting of the experimental data (shear stress-shear rate) is presented in Figure 2(C1-C3)
based on the power law model, y = k x x", where y is the shear stress (Pa), x is the shear
rate (1/s), k is the consistency coefficient (Pa-s"), and n is the flow behavior index, which
describes the flow behavior of each solution [52,53]. In the literature, the flow behavior is
classified according to this flow behavior index, and a Newtonian liquid presents n =1,
a pseudoplastic fluid presents n < 1, and a swelling plastic fluid presents n > 1. The Fu
solutions, Fu 3% (n = 1.06 & 0.03) and Fu 5% (n = 1.09 = 0.06) solutions, presented a
flow behavior index closest to 1, which is characteristic of Newtonian fluids, while Aga
solutions, as well as most of the blended solutions, exhibited lower index values (AgaFu 3b
(n=0.826 £ 0.04); AgaFu 3c (n = 0.839 & 0.04); AgaFu 5a (n = 0.955 £ 0.04)), suggesting a
shear-thinning (pseudoplastic) flow behavior [54,55]. The results suggested that the shear-
thinning behavior was governed by agarose [56]. The shear-thinning behavior, i.e., viscosity
significantly decreasing with an increase in shear rate, suggests that the gel mixture of
agarose and fucoidan could be injected by applying a high shear rate during injection with
minimal effect on encapsulated cells and quickly self-heal after the removal of shear. Most
significantly, these gels could be used to deliver biological molecules and cells during the
injection process [56,57].

2.1.2. Chemical Characterization

The chemical structures of the samples were examined by Fourier transform infrared
spectroscopy (FTIR) (Figure 3(A1,A2)) and with proton nuclear magnetic resonance ('H
NMR) spectroscopy (Figure 3(B1-B3)). On the FTIR spectra presented in Figure 3(A1l),
the main characteristic peaks of Aga and Fu can be observed. On the Aga spectra, the
region located between 900 and 1200 cm ! contains the characteristic saccharide peaks
of Aga that are representative of the skeletal vibrations associated with C-O-C glycosidic
bonds. The region 890-940 cm ! also contains a characteristic signal of Aga that represents
vibration associated with the C-O-C bridge on the 3,6-anhydrogalactose unit [55,58]. FTIR
spectra of fucoidan showed an absorbance peak at 1000-1270 cm~?, corresponding to the
sulfur-oxygen double bond (5=0) stretching vibration of the sulfate group. The spectra
also showed signals in the ranges of 1315—1220 cm~! and 1140-1020 cm~!, assigned
to the symmetric and asymmetric stretching of ether sulfate groups (RO—-503—) [26,46,
59]. A broad band around 3200-3500 cm ™! also appears due to the stretching of ~-OH
groups, a characteristic of carbohydrate monomers [26,55,60]. The characteristic peak of
C-O-S stretching at 845 cm ! was also attributed to the presence of sulfate groups from
fucoidan [61]. For the further chemical characterization of AgaFu hydrogels, composition b
(AgaFu 3b and AgaFu 5b) with an intermediate wt ratio of agarose (Aga) and fucoidan (Fu)
was used.
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Figure 3. Chemical characterization of agarose (Aga), fucoidan (Fu), and produced hydrogels. FTIR
spectra of (A1) agarose and fucoidan and (A2) AgaFu 3 and AgaFu 5 hydrogels. IHNMR spectra of
(B1) agarose, (B2) fucoidan, and (B3) AgaFu 3/AgaFu 5 hydrogels.

Moreover, all spectra of AgaFu hydrogels presented in Figure 3(A2) showed an ab-
sorbance band at 1220 cm !, corresponding to the sulfate groups characteristic of Fu [26,60].
This indicates that the intrinsic sulfate group of Fu is also present in the AgaFu 3 and
AgaFu 5 formulations after the blending with Aga, confirming the presence of fucoidan
in the final hydrogels, which is in accordance with what was already suggested by their
brownish color. In FTIR spectra of both AgaFu 3 and AgaFu 5, we observed bands charac-
teristic of Aga and Fu, suggesting that interactions between the polymers could occur, as
discussed in the rheological characterization.

Furthermore, proton nuclear magnetic resonance (!H NMR) spectroscopy of Aga
showed two groups of peaks, one at = 5.15-5.25 ppm corresponding to protons C1 and
C1’ from the Aga skeleton and the other at § = 3.45-4.61 ppm, attributed to protons C2-
6 and C2'-6' in the Aga skeleton (Figure 3(B1)). Fu 'H NMR spectra showed different
peaks at & = 1.20-1.30 and 1.95-2.26 ppm corresponding to methyl groups of fucose and
L-fucopyranose; at 6 = 3.35-4.55 ppm, confirming the presence of different types of fucose
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groups with changes in glycosidic linkage positions and monosaccharide patterns; and
at 6 = 5.29-5.40 ppm, corresponding to anomeric protons of the L-fucopyranosyl unit
(Figure 3(B2)) [46,62]. The spectra corresponding to AgaFu 3 and AgaFu 5 solutions
(Figure 3(B3)) showed peaks characteristic of Aga and Fu, suggesting the existence of
interactions between the polysaccharides. Additionally, the results obtained were compared
in the literature with other systems that use these polymers, such as fucoidan, and it is
verified that peaks appear at the same chemical shift (5) values [61,63].

2.1.3. X-ray Photoelectron Spectroscopy (XPS)

The superficial chemical composition of the AgaFu hydrogels was also examined by
XPS surface measurements (Figure 4A,B). The XPS data are in accordance with the data ob-
tained by 'H NMR and FTIR. The XPS wide spectra of Fu, Aga, and the hydrogels prepared
in different proportions (AgaFu 3 and AgaFu 5) displayed the presence of the expected
peaks of carbon (C), oxygen (O), calcium (Ca), sodium (Na), and sulfur (S) (Figure 4A,B). In
addition, the surface atomic ratios of the main components (S2p, Ols, and C1s) and the
respective ratios of O/C and S/C of all samples analyzed are represented in Table 2. As
expected, the amount of sulfur is higher in the samples with Fu, because fucoidan contains
sulfur in its atomic composition, namely in sulfate groups. No obvious differences were
noted in the Cls and O1s region spectra of the AgaFu hydrogels (Figure 4(B2,B3)) when
compared with the same regions for the isolated Aga and Fu separately. The increase in
Aga concentration in the hydrogel formulation led to a decrease in the presence of sulfur
(S) in the sample, as the ratio of fucoidan decreased. Similar behavior was observed when
Fu concentration increased in the blended hydrogel: there was an evident increase in the
S/C ratio. This result is in accordance with previously reported chemical characterization
(FTIR, 'HNMR) where Aga and Fu characteristic peaks appeared in the spectra of AgaFu
samples, thus confirming the blending of both polymeric components.

Binding energy (ev)
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Figure 4. XPS wide scan of (A1) Fu (powder) and Aga 3 and Aga 5 hydrogels, (A2) AgaFu 3 hydrogels,
and (A3) AgaFu 5 hydrogels with different agarose:fucoidan weight ratios (a (4/10), b (5/10), and
¢ (7/10)). XPS images of element distribution, particularly the sulfur region, of (B1) Fu (powder),
(B2) AgaFu 3 hydrogels, and (B3) AgaFu 5 hydrogels.
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Table 2. Relative atomic composition (O, C, and S) of the samples obtained by XPS data quantification
and O and S ratios as a function of carbon (data presented as mean =+ standard deviation).

Composition % o C S o/C S/C
Fu 35.29 +£0.20 61.52 £ 0.21 3.19 £ 0.05 0.57 0.052

Aga3 4295+057  56.88 £0.06 0.16 £ 0.05 0.75 0.002
Agab 47.14 £ 1.04 52.49 +1.05 0.38 £ 0.09 0.90 0.007
AgaFu 3a 40.66 1= 0.49 55.06 &= 0.54 428 +0.12 0.74 0.081
AgaFu 3b 4277 £049 5343 £0.52 3.79 £0.08 0.80 0.070
AgaFu 3c 45.70 = 0.59 51.39 £ 0.62 291 £0.09 0.89 0.057
AgaFu 5a 46.06 = 0.84 52.26 +0.86 1.68 +0.13 0.88 0.032
AgaFu 5b 3193+ 0.65  66.96 £ 0.67 1.09 £ 0.08 0.48 0.016
AgaFu 5¢c 54.22 £ 0.84 45.13 £ 0.85 0.65 £0.10 1.20 0.014

2.1.4. Mechanical Properties and Hydrogel Mesh Size

The mesh size of the hydrogel was calculated based on the equivalent network model
Equation (1) (please see Section 3.4.2 below). Figure 5B shows that when Aga concentration
increased, there was a decrease in the mesh size, attributed to tightly packed Aga polymeric
chains [38,64] (Figure 5A). Agarose is soluble in water at temperatures between 85 °C and
100 °C [41]. So, in this work, the Aga solution was heated up to 85-95 °C, which provided
sufficient energy to break the hydrogen bonds, and the Aga chains were oriented with no
long-range order [38,59,65]. However, as the temperature decreases and hydrogen bonds
start to form, Aga molecules pair up into double helices, which themselves aggregate
with other double helices to form thicker fibers. The gel is formed due to this network
of super-helices linked at their ends [38,59,65]. The results also showed that the mesh
size of hydrogel blends decreased with the increase in the concentration of Aga in the
solution from 3 to 5%. This may be related to an increase in the density of the initial
solution and consequently of the produced hydrogel. Moreover, independently of the
polymeric proportion studied, it is possible to note that the combination of Aga with
Fu promoted a reduction in the mesh size of the produced hydrogel. This fact should
be related to the intermolecular interactions established between Aga and Fu polymeric
chains (e.g., electrostatic bonds, hydrogen bonds, ion—dipole force, and London forces)
that allow the formation and maintenance of the blended network, overcoming the natural
non-gelling ability of Fu. Considering the blended hydrogels prepared using a lower initial
concentration of Aga (3a, 3b, and 3c), a decrease in the mesh size is observed with the
reduction in the Fu proportion in the blended mixture or an increase in the Aga proportion.
Besides the existent intermolecular interactions, the increasing number of Aga molecules
to pair promotes an increase in the density of the hydrogel, which leads to more tightly
packed helices, consequently promoting a decrease in the mesh size [38,59]. Furthermore,
when comparing the hydrogels prepared using the same polymeric ratio and different
concentrations of Fu solution, a decrease in mesh size is noted for the hydrogels prepared
with the highest concentration of Fu; however, there are no significant differences.

Young’s modulus of AgaFu hydrogels seemed to increase with increasing Aga and Fu
concentration, although statistically significant differences between formulations have been
identified only for samples AgaFu 3a, AgaFu 3c, AgaFu 5a, and AgaFu 5c (Figure 5C). This
result correlates well with the mesh size results, with the decrease in the mesh size being
associated with an increase in the stiffness of the hydrogels, as represented schematically in
Figure 5A [54].
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Figure 5. (A) Schematic representation of a hydrogel network consisting of (a) connective crosslinks
and (b) polymer chains with average mesh size D. (B) Mesh size and (C) Young’s modulus of Aga 3,
Aga 5, AgaFu 3, and AgaFu 5 hydrogels with different agarose:fucoidan weight ratios (a (4/10),
b (5/10), and ¢ (7/10)) (data represent means =+ standard deviation; * p < 0.05, *** p < 0.001, one-
way ANOVA).

2.1.5. Diffusion Tests and Permeability to Glucose

The methylene blue assay was carried out as a preliminary assessment of the diffusion
of compounds within the developed hydrogels [66]. The diffusion of methylene blue
through the Aga and AgaFu hydrogels showed that samples with a higher concentration of
agarose have a slower diffusion of methylene blue, caused by a denser matrix as suggested
by the reduced mesh size. However, the diffusion of methylene blue through the hydrogel
blends, AgaFu, seems to be hampered when compared with pure Aga hydrogels, which
may suggest a stronger interaction between the polymers and consequently more cohesive
and compact systems, particularly for the samples AgaFu 3/5c where methylene blue
seemed to exhibit the slowest diffusion [66]. To complement the information obtained from
the evaluation of the diffusion of methylene blue, the permeability of AgaFu hydrogels to
nutrients was also assessed using glucose as a model molecule for permeation. Diffusion
profiles showed an initial lag phase in the receptor cell due to the time required for the solute
to traverse the membranes [67,68] (Figure 6). After this phase, the bulk liquid reached
equilibrium after approximately 1 h. The higher water content of native membranes
facilitates the permeation of water-soluble molecules such as glucose, which is related to
the mesh size of the hydrogel [67,69]. The permeability coefficient (P) was determined using
Equation (2) (please see Section 3.4.8 below), and the obtained values increased when the
fucoidan ratio increased, as shown in Table 3. These results could be related to the charge of
the compounds, their hydrophobicity, and the mesh size of the hydrogel. The permeability
tends to increase with anionic compounds and the ones that have a higher affinity with
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water [70]. The hydrogels that have smaller mesh sizes and are more cohesive and compact
systems tend to have reduced permeability, as discussed and demonstrated with methylene
blue. The diffusion coefficient (D) values were deduced from Equation (3) (please see
Section 3.4.8 below), and the partition coefficients were deduced from Equation (4) (please
see Section 3.4.8), with the obtained data being depicted in Table 3. The diffusion coefficient
is a crucial parameter for estimating the mass of a solute diffusing in time through the
gel [49]. The obtained data showed that the increase in the Aga concentration resulted
in lower diffusion coefficients, in accordance with the permeability observations and the
more cohesive and compact systems obtained in these conditions. These observations are
in accordance with the results reported by Marchioli et al. [43] when seeing an impact
of scaffold porosity on performance, with porous alginate scaffolds showing a better
permeability to nutrients than bulk hydrogels due to a higher surface-to-volume ratio.
Moreover, Farina et al. [44] also highlighted the impact of the thickness of capsules on
the transport of oxygen and, consequently, on cell viability in cell-encapsulating devices.
Furthermore, it is known that permeability is also directly related to immune protection,
which is associated with the interaction and diffusion of antibodies and the need to avoid
contact between a graft and host cells [71]. The partition coefficient (Ky4) is a measure of
solubility in the hydrogels [69], and it increased with increasing fucoidan concentration
(data in Table 3), which is attributed to a higher water uptake capacity and, consequently,
the solutes having a higher ability to remain trapped within the hydrogel [67].
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Figure 6. Diffusion of glucose across (A) Aga 3 and AgaFu 3 and (B) Aga 5 and AgaFu 5 hydrogels
with different agarose:fucoidan weight ratios (a (4/10), b (5/10), and c (7/10)).
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Table 3. Permeability (P), diffusion (D), and partition (Kq) coefficients of glucose on Aga 3, Aga 5,
AgaFu 3, and AgaFu 5 hydrogels with different agarose:fucoidan weight ratios (a (4/10), b (5/10),
and ¢ (7/10)).

Samples P(10-% cms—1) D (10~5 cm? s—1) Kq

Aga3 8.03 8.35 0.02
AgaFu 3a 24.36 1.24 0.45
AgaFu 3b 9.91 4.05 0.05
AgaFu 3c 9.94 2.07 0.11

Agab 2.38 0.35 0.38
AgaFu 5a 9.90 0.68 0.32
AgaFu 5b 3.99 1.14 0.10
AgaFu 5¢c 10.61 0.82 0.28

2.2. Biological Characterization

The biological performance of the Aga and AgaFu hydrogels was tested using the
human pancreatic beta-cell line 1.1B4HP. The 1.1B4HP cells have been used in several
studies focusing on pancreatic beta-cell biology, representing a source of cellular therapy
for type 1 diabetes [72]. To evaluate the effect of using fucoidan, we have compared the
performance of AgaFu hydrogels with Aga hydrogels rather than Fu alone, as Fu does
not form 3D-based structures alone due to its high water solubility [26,47,73]. To assess
if encapsulated 1.1B4HP cells were able to proliferate while maintaining viability in Aga
and AgaFu hydrogels, cell-laden samples were analyzed after 1, 3, and 7 days of culture by
MTS assay, DNA quantification, live/dead assay, and evaluation of cell morphology by
confocal laser scanning microscopy (CLSM).

The MTS results showed, in general, an increase in 1.1B4HP cells” metabolic activity
during the culture time in both Aga and AgaFu hydrogels (Figure 7A). Moreover, compar-
ing the results obtained for hydrogels prepared with different polymeric concentrations
(agarose solutions at 3% or 5%), we observed that 1.1B4HP cells had lower metabolic
activity in the samples with higher Aga concentrations. In addition, results obtained from
dsDNA quantification did not show relevant differences in the proliferation of 1.1B4HP
cells encapsulated in Aga and AgaFu hydrogels (Figure 7B). These results are correlated
with the mesh size of the hydrogel, as the increase in Aga and Fu concentrations would
reduce the mesh size of the hydrogel, and the cells would be much more space-constrained
and potentially face lower nutrient diffusion, causing slower metabolic activity. In fact,
Strand et al. have pointed to the variation in oxygen concentration through the encapsula-
tion devices, depending on the shape and surface-to-volume ratio, and its impact on cell
viability [71].

The ability of hydrogels to support cell viability was also evaluated by a live/dead
staining assay. Confocal images obtained after 1, 3, and 7 days of culture (Figure 8) allowed
the conclusion that all the hydrogel formulations showed viable cells, demonstrating that
the biomaterials proposed in this work are generally not cytotoxic (Figure 8A,B). Results
obtained with hydrogels produced with lower polymer concentrations (3% agarose or
3% fucoidan and different ratios of agarose) showed higher rates of cell viability, while
hydrogels produced with the highest polymeric content presented the lowest number
and ratio of live cells (~45%), potentially translating the effect of more cohesive and
compact hydrogels and consequently the spatial confinement of the cells, with a negative
impact on cell viability. These results are in agreement with diffusion coefficient values,
where an increase in the Aga concentration resulted in lower diffusion coefficients, which
can be translated into a decreased access to nutrients for encapsulated cells, resulting
in an increment in dead cells and a decrease in overall metabolic activity. The effect of
hydrogel formulation is more evident than the one observed by Marchioli et al. [43] with
alginate-based materials (as they detected the impact of the components of the hydrogel
but, surprisingly, not on the shape as this would affect the surface-to-volume ratio and
consequently the transport of oxygen and nutrients). Indeed, those authors attribute the
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observed limitations on cell viability to hampered nutrient transport, given the viscous and
highly concentrated gel used in their work, thus suggesting the relevance of hydrogel mesh
size for cell fate.
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Figure 7. (A) MTS results and (B) dsDNA content of 1.1B4 human pancreatic cells encapsulated
in Aga 3, Aga 5, AgaFu 3, and AgaFu 5 hydrogels with different agarose:fucoidan weight ratios
(a (4/10), b (5/10), and c (7/10)), during up to 7 days in culture (data represent means + standard
deviation; *** p < 0.001, Kruskal-Wallis test).
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Figure 8. Live/dead microscopy images of 1.1B4HP cells encapsulated into (A) Aga and AgaFu 3
and (B) Aga and AgaFu 5 hydrogels with different agarose:fucoidan weight ratios (a (4/10), b (5/10),
and c (7/10)), after 1, 3, and 7 days in culture. The cells were stained with calcein/ethidium solutions;
live cells (green) were calcein-positive, and dead cells (red) were ethidium-homodimer-positive; scale
bar: 100 um. (C) Quantification of cell viability in the different hydrogels after (C1) 1 day, (C2) 3 days,
and (C3) 7 days in culture (data presented as mean =+ standard deviation; * p < 0.05, ** p < 0.01).



Molecules 2023, 28, 4523

15 of 23

The morphology of the encapsulated cells was evaluated by CLSM after the staining
of actin (cytoskeleton) and nuclei with phalloidin and DAPI, respectively. The obtained
images show that cells had a round-like shape and tended to self-organize, forming pseudo-
islets after 3 days of culture (Figure 9A,B). This pseudo-islet morphology was maintained
for up to 7 days of culture (Figure 9), which is characteristic of human pancreatic cells [74].
The noted behavior suggested that the formulated hydrogels with 3% fucoidan supported the
encapsulation of 1.1B4HP cells that remained viable for at least 7 days (Figures 7 and 8). More-
over, the presence of fucoidan seemed to allow a higher number of cells to be encapsulated
in the hydrogels, enabling the self-organization of larger pseudo-islets.

(A)

Aga 3 AgaFu 3a AgaFu 3b AgaFu 3c

1 day

3 days

7 days

(B) Aga 5 AgaFu 5a AgaFu 5b AgaFu 5c

1 day

3 days

7 days

Figure 9. Confocal images of 1.1B4HP cells encapsulated in (A) Aga 3 and AgaFu 3 and (B) Aga 5
and AgaFu 5 hydrogels with different agarose:fucoidan weight ratios (a (4/10), b (5/10), and c (7/10))
for 1, 3, and 7 days in culture. Staining of actin (red) and nuclei (blue); scale bar: 100 um.
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3. Materials and Methods
3.1. Materials

Fucoidan (Fu) in powder from brown algae Fucus vesiculosus (Maritech Fucoidan,
Marinova, FVF2011527, Tasmania, Australia) was used after a purification process as
described below. Agarose with low gelling temperature for molecular biology (Sigma-
Aldrich, MO, USA) was used as received. All other reagents were of analytical grade and
used as received.

3.2. Purification of Fucoidan (PFu)

The fucoidan (Fu) powder was purified based on the calcium ion methodology [46].
The purification with calcium ions was performed to remove the alginates contained
in the crude fucoidan. These alginate residues form complexes with calcium ions and
precipitate [46]. Briefly, Fu was dissolved (160 mg mL™1) in a 20 mM calcium acetate
aqueous solution for 4 h at 50 °C under stirring, and the pH was adjusted continuously
between 6.6 and 7.5 to avoid acid hydrolysis of fucoidan. Afterward, the solution was left
at 4 °C overnight and then centrifuged for 15 min at 5000 x g (Centrifuge 5810, Eppendorf,
Leipzig, Germany). The supernatant was dialyzed against water using 12-14 KDa cut-off
dialysis membranes for 3 days and freeze-dried (CryoDos-80, Telstar, Terrassa, Barcelona,
Spain) for 4 days [46].

3.3. Preparation of Fucoidan-Based Hydrogels

Agarose/fucoidan (AgaFu) hydrogels were prepared by thermo-gelation [38,59]. Purified
fucoidan (Fu) was dissolved in ultrapure water at a concentration of 3 or 5% (w/v) under
stirring at 75 °C, and then Agarose (Aga) powder was added to the solutions (Figure 1A).
The AgaFu hydrogels were prepared with different Aga/Fu proportions (4:10; 5:10, and
7:10 wt) and represented as AgaFu 3X or AgaFu 5X (where different letters in X represent
different formulations) throughout the manuscript, as indicated above in Table 1. Agarose
has a thermogelling behavior, and at this temperature (75 °C) the formulations were in a
liquid solution state. Each of the obtained solutions was then cast into Eppendorf caps
(circular plastic with size 9.73 & 0.09 mm width and 5.38 £ 0.09 mm height) that were used
as molds, and the systems were left to cool to room temperature (~22 °C). With the decrease
in temperature, the viscosity of the solutions increased due to the presence of agarose, and
when room temperature was reached, hydrogels had been formed (Figure 1B,C). After
being removed from molds and considering that they would be used for cell encapsulation,
the hydrogels were replenished with Dulbecco ‘s phosphate-buffered saline (DPBS) solution
(Figure 1D), which has a lower concentration of ions in comparison to standard PBS and
was deemed necessary for the cohesion of the produced hydrogels. Aga hydrogels were
used as control material rather than Fu alone, as Fu does not form structures (without the
use of chemical crosslinking) due to its high water solubility [26,47]. The Aga hydrogels
were produced with the same procedure but without fucoidan addition.

3.4. Physical-Chemical Characterization of AgaFu Hydrogels
3.4.1. Rheology

Rheological assays were performed using a Kinexus pro+ rheometer (Malvern Instru-
ments, Malvern, UK), with the acquisition software rSpace v1.7 (Malvern Instruments,
Malvern, UK).

Oscillatory and rotational measurements: All the oscillatory measurements were
performed using stainless-steel cone—plate geometry (40 mm, 4°), while rotational mea-
surements were performed using a parallel plate geometry (1 mm gap), using solutions
equivalent to those used to prepare hydrogels, and Aga and AgaFu formed hydrogels.
In the rotational experiments, two different plots were obtained: (a) the traditional shear
viscosity (Pa-s) as a function of shear rate (1/s) and (b) the shear stress (Pa) as a function of
shear rate (1/s). From these curves, it was possible to obtain information about the flow
behavior of the samples. The oscillatory experiments were preceded by the measurement
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of strain sweep curves to determine the linear viscoelastic region (LVER) of the samples.
Strain amplitude was thus measured in the shear rate range changing from 0.1 to 100 Hz
in a 10/decade rate, at a range of cooling temperatures between 80 °C and 37 °C and a
constant 1% strain. After this, the mechanical spectra of each sample were obtained, and
the elastic modulus (G') and viscous modulus (G”) were recorded over a frequency sweep
ranging from 0.1 Hz to 100 Hz at a constant temperature of 37 °C. The strain dependency
measurements were performed using 1 mL of the solution or an Aga or AgaFu hydrogel
(8.91 & 0.09 mm width and 5.38 £ 0.09 mm height) in the sample holder [53,75]. All plots
are the average of measurements with at least 3 different samples.

Compressive studies: These tests were performed using a parallel plate geometry of
8 mm diameter, with radial grooves to avoid hydrogel leakage. Aga and AgaFu hydrogels
were prepared in distilled water as previously described and maintained in DPBS. Hydro-
gels were compressed in the direction normal to the circular face of the cylindrical samples
at a rate of 1 mm/min for a maximum strain of 85% and at room temperature. The Young's
modulus was determined from the initial slope of the linear region of the stress—strain
curve. Each experiment was performed in quintuplicate [54].

3.4.2. Hydrogel Mesh Size

The mesh size is often described by a structural parameter, D,yeq,, which represents the
diameter of a hard sphere that fills the void between hydrogel network strands. Hydrogel
mesh size was calculated based on the classical theory of rubber elasticity, which relates the
shear modulus (G’) to the mesh size Dypeqn (Equation (1)):

6RT 3
Dmesh = <7rNaVG'> 1

where R is the gas constant, T the absolute temperature, and N,y is Avogadro’s number.
This allows the estimation of the mesh size of a hydrogel based on its shear modulus [76,77].

3.4.3. 'H NMR Spectroscopy

Aga and Fu powders and AgaFu freeze-dried hydrogel powder were analyzed by
'H NMR spectroscopy, after being dispersed/dissolved in deuterated water (D,O) at
5 mg mL~!. The 'H NMR assay was performed at 50 °C using a Bruker Avance III
according to the following spectral conditions: 300 Hz spectra with 90° impulses, 4 s
acquisition time. Spectra were processed using Mestre Nova v14.0 software (Mestrelab
Research S.L., Santiago de Compostela, Spain).

3.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of the samples was performed on a Shimadzu IR Prestige 21 spec-
trometer (Shimadzu Corporation, Kyoto, Japan). Samples were prepared using potassium
bromide (KBr) pellets at room temperature. Each sample spectrum was collected by aver-
aging 32 scans with a resolution of 16 cm !, within the 4000-400 cm~! spectrum regions.

3.4.5. X-ray Photoelectron Spectroscopy (XPS)

Analysis of the Aga, Fu, and AgaFu samples was performed using a Kratos Axis-Supra
instrument (Kratos Analytical Ltd., Manchester, UK), equipped with an aluminum Ko
monochromatized radiation X-ray source (1486.6 eV) and ESCApe software (1.5 version,
Kratos Analytical Ltd., Manchester, UK). Due to the non-conducting nature of the samples,
it was necessary to use a co-axial electron neutralizer to minimize surface charging, which
performed the neutralization by itself. Photoelectrons were collected from a take-off angle
of 90° relative to the sample surface. The measurement was performed in constant analyzer
energy (CAE) mode with a 160 eV pass energy for survey spectra, 20 eV pass energy for
high-resolution spectra of the hydrogels, and 40 eV pass energy for the polymer powders.
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Charge referencing was performed by setting the lower binding energy C1s peak at 285.0 eV
related to the Cl1s hydrocarbon peak [53,78].

3.4.6. Stability Test

Stability tests of the Aga and AgaFu hydrogels were performed by immersion in
DPBS and in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with
10% fetal bovine serum (FBS) (Invitrogen, MA, USA) and 1% antibiotic/antimycotic (A/B)
(Invitrogen, USA) for 28 days at 37 °C. The medium was replaced every 3 days. The swollen
sample weight was measured after removing the excess surface water by gently tapping
the surface with filter paper. The swelling ratio was given by the ratio Wy, /Wy, where Wy
is the swollen sample weight under specified environmental conditions and Wy is the dry
sample weight.

3.4.7. Diffusion within Hydrogels

The diffusion of a model compound within Aga and AgaFu hydrogels was assessed
based on the Kirby—Bauer method [79]. The AgaFu solutions were prepared as previously
mentioned (preparation of fucoidan-based hydrogels). These solutions were dropped
in a Petri dish, and gelation occurred at room temperature for 15-20 min. Afterward,
some holes (d = 6 mm) were made in the formed AgaFu gels, and a 100 mM methylene
solution was dropped into those holes. The diffusion of methylene blue is calculated by the
difference between starting position of the dye and the diameter of the dye spot at different
time points.

3.4.8. Permeability to Glucose

The permeability to glucose was determined using a glass Franz-type diffusion cell
(PermeGear) with an 8 mL reactor compartment (using an effective mass transfer area of
1 cm?) [67]. Aga and AgaFu hydrogels were previously equilibrated in a DPBS solution
(overnight), placed between the two compartments, and held with a stainless-steel clamp.
The receptor compartment was immediately filled with DPBS solution, and air bubbles were
removed. Finally, the donor compartment was filled with 16 mM of glucose (DPBS, pH 7 4).
Aliquots of 1 mL were removed from the receptor compartment at pre-established time
points, and the compartment was further restored with the same quantity of fresh DPBS.
The experiments were performed at 37 °C, and the receptor compartment was stirred using
a magnetic bar to eliminate the boundary layer effect. The glucose concentration in the
receptor chamber was evaluated using the dinitrosalicylic acid (DNS) method. DNS reacts
with reducing sugars and other reducing molecules, forming 3-amino-5-nitrosalicylic acid,
an aromatic compound that strongly absorbs light at 540 nm, enabling the determination
of the amount of reducing sugar present in the solutions. The amount of glucose was
calculated by measuring the absorbance at a wavelength of 540 nm using a microplate
reader (Synergy HT, Bio-TEK, Santa Clara, CA, USA) and regression using an adequate
calibration curve. The permeability (P) of glucose was calculated using the following

Equation (2): c
2Cy\  2A
—ln(l—CO>—V><P><t )

where C; is the concentration in the receptor compartment at time t, Cy is the initial
concentration in the donor compartment, V is the solution volume in the two compartments,
and A is the effective area of permeation.

The diffusion coefficient (D) of glucose across the membrane was calculated according
to Fick’s law of diffusion, as follows (Equation (3)):

ViV, h 1 C -G
D— L
V1+V2xAxtn(Cf—Ct
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where D is the diffusion coefficient (cm? s~1); C; and Cg are the initial and final concen-
trations, respectively, and C; is the concentration of solute in the receptor side at time t
(mol L™1); V1 and V, correspond to the volume of the liquid in the donor compartment
and in the receptor compartment (cm?), respectively; h is the thickness of the membrane
(cm); and A is the effective diffusion area of the membrane (cm?).

The partition coefficient (Ky) is defined as a measure of the solubility of glucose in the
hydrogel. The partition coefficient for the system was calculated as follows (Equation (4)):

Pxh
Kq = D 4)

where P is the permeability, h is the thickness of the membrane, and D is the diffusion
coefficient.

3.5. Biological Assessment of Developed Fucoidan-Based Hydrogel
3.5.1. Cell Culture

A human pancreatic cell line (1.1B4HP) was cultured in RPMI 1640 medium (Invitro-
gen, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, USA) and
1% antibiotic/antimycotic (A/B) (Invitrogen, USA) at a temperature of 37 °C and 5% CO,
until achieving 90% confluence. The medium was refreshed every 2-3 days.

3.5.2. Cell Encapsulation

Before the encapsulation procedure, the 1.1B4HP cells (passage 36) were washed
with sterile DPBS followed by centrifugation at 300x g for 5 min to form a pellet, and
the supernatant was discarded. The suspension of 1.1B4HP cells at a concentration of
1.5 x 10° cells mL.~! was added to Aga and AgaFu solutions and gently mixed at 37 °C.
The obtained suspension (cells:Aga/AgaFu solution) was then cast into appropriate molds,
and the hydrogels were progressively formed until room temperature was reached. Subse-
quently, the hydrogels were removed from molds and replenished with DPBS to enable
complete gel formation. After repeated washings, the cell-laden hydrogels were cultured
in RPMI 1640 medium for further in vitro studies.

3.5.3. Metabolic Activity, Proliferation, and Morphology

After each of the predetermined periods (1, 3, and 7 days), the samples were washed
with DPBS, and the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay, DNA quantification, live/dead assay, and assessment
of cell morphology, adhesion, and distribution were performed, as described below.

Metabolic activity assay: The metabolic activity of 1.1B4HP cells encapsulated in
hydrogels was determined using the MTS assay. Samples were incubated with an MTS
solution prepared using a 1:5 ratio of MTS reagent and DMEM without phenol red and 1%
ATB solution for 3 h at 37 °C. The optical density (O.D.) was read at 490 nm on a multiwell
microplate reader (Bio-Tek Instruments, San Jose, CA, USA).

dsDNA quantification: dsDNA quantification was performed after each experimental
time point using the PicoGreen Quantification Kit (Invitrogen Corporation, MA, USA), ac-
cording to the manufacturer’s instructions, in a lysed cell suspension obtained after osmotic
and thermal shocks. Fluorescence was read in a microplate reader (Bio-Tek Instruments,
US) at an excitation of 485/20 nm and emission of 528/20 nm.

Live/dead assay: The cellular viability was assessed using the live/dead assay (calcein
AM/propidium iodide (PI) staining). Briefly, the cell-laden Aga and AgaFu hydrogels were
incubated for 10 min with 2 uL calcein AM (1 mg mL~1, Molecular Probes, Invitrogen,
USA) and 1 pL PI (1 mg mL~!, Molecular Probes, Invitrogen, USA) in 1 mL of DPBS
protected from light. The hydrogels were washed with DPBS to remove residual staining
and visualized by CLSM (TCS SPS8, Leica, Wetzlar, Germany). Image ] was used to count
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the number of live and dead cells, and Equation (5) was used to calculate the percentage of

viable cells:
%Livecells

%Livecells 4+ %Deadcells %

Viability = 100 (5)

3.5.4. Cell Morphology

Adhesion, morphology, and distribution of 1.1B4HP cells encapsulated into AgaFu
hydrogels were analyzed by CLSM. The cells in Aga and AgaFu hydrogels were fixed
with 10% formalin for 30 min and then blocked with 3% bovine serum albumin (BSA) for
30 min. The structures were permeabilized with 0.1% Triton X-100 for 5 min and incubated
with phalloidin-TRITC for 20 min at room temperature, followed by washing with DPBS
and staining with 5 pg mL~! DAPI (2-(4-amidinophenyl)-1H-indole-6-carboxamidine) for
30 min. Fluorescence images from the stained constructs were obtained by CLSM (TCS SPS,
Leica Wetzlar, Germany).

3.6. Statistical Analysis

Statistical analysis of the data was performed using the Shapiro-Wilk normality test,
one-way ANOVA, and non-parametric Kruskal-Wallis and Dunn “s multiple comparison
tests, using Graph Pad Prism 7.0. Results are presented as mean = standard deviation (SD),
and the significance level between groups was set for * p < 0.1, ** p < 0.01, and *** p < 0.001.

4. Conclusions

In this work, AgaFu hydrogels were obtained through the combination of agarose and
fucoidan, two well-known natural-origin polymers, using the thermo-gelation technique
at 37 °C. Combining agarose and fucoidan at different concentrations using temperature
variations, we have obtained hydrogels with tunable mechanical properties, stability,
and diffusion coefficients. Moreover, we were also able to modulate cell viability and
promote the organization of HP cells into pseudo-islets. Comparing all the conditions, we
concluded that AgaFu 3b hydrogel formulation presented a suitable mesh size of the gel
that contributed to a good diffusion of molecules, suggesting higher nutrient permeability.
Furthermore, these AgaFu 3 hydrogels revealed sustained viability of encapsulated 1.1B4HP
pancreatic cells during the studied culture time (up to 7 days), and these cells seemed to
self-organize towards the formation of pseudo-islets.

Overall, we have provided a simple methodology to foster the development of new
fucoidan-based structures, and we envisage its biomedical application for cell culture
matrices in diabetes treatment strategies.

Author Contributions: Conceptualization, L.L.R., S.S.S., and T.H.S.; methodology, L.L.R., SS.S.,
and D.S.d.C.; validation, S.S.S., RL.R,, and T.H.S.; formal analysis, L.L.R., S.S.S., D.S.d.C., and
L.C.R,; investigation, L.L.R., S.S.S., and D.5.d.C.; resources, R.L.R.; data curation, L.L.R.; writing—
original draft preparation, L.L.R. and S.S.S.; writing—review and editing, S.S.S., D.5.d.C., LCR,,
R.L.R,, and T.H.S; supervision, S.5.S., RL.R., and TH.S.; project administration, R.L.R. and TH.S.;
funding acquisition, R.L.R. and T.H.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Portuguese Foundation for Science and Technology (FCT),
under the scope of individual fellowships/contracts (SFRH/BD/112139/2015, and SFRH/BPD/93697 /
2013, SFRH/BPD/85790/2012 and CEECIND/01306/2018) and research projects (PTDC/CTM-
CTM//29813/2017 and PTDC/BII-BIO/31570/2017); by the Northern Portugal Regional Operational
Programme (NORTE 2020), under the scope of Structured Projects NORTE-01-0145-FEDER-000021
and NORTE-01-0145-FEDER-000023; and by European Union Transborder Cooperation Program
Interreg Espafia-Portugal 2014-2020 (POCTEP), under the scope of project 0302_CVMAR_I_1_P.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2023, 28, 4523 21 of 23

Data Availability Statement: The data that support the findings of this study are provided in the
text or available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.  Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18-23. [CrossRef]

2. Fan, C.; Wang, D.-A. Macroporous Hydrogel Scaffolds for Three-Dimensional Cell Culture and Tissue Engineering. Tissue Eng.
Part B Rev. 2017, 23, 451-461. [CrossRef]

3. Jabbari, E. Bioconjugation of hydrogels for tissue engineering. Curr. Opin. Biotechnol. 2011, 22, 655-660. [CrossRef]

4. Mantha, S.; Pillai, S.; Khayambashi, P.; Upadhyay, A.; Zhang, Y.; Tao, O.; Pham, H.M.; Tran, S.D. Smart Hydrogels in Tissue
Engineering and Regenerative Medicine. Materials 2019, 12, 3323. [CrossRef]

5. Wilson, A.N.; Guiseppi-Elie, A. Bioresponsive Hydrogels. Adv. Healthc. Mater. 2013, 2, 520-532. [CrossRef] [PubMed]

6. Reyes Martinez, J.E.; Ruiz-Pacheco, J.; Flores-Valdéz, M.; Elsawy, M.; Vallejo, A.A.; Castillo Diaz, L. Advanced hydrogels for
treatment of diabetes. J. Tissue Eng. Regen. Med. 2019, 13, 1375-1393. [CrossRef]

7. Bahram, M.; Mohseni, N.; Moghtader, M. An Introduction to Hydrogels and Some Recent Applications. In Emerging Concepts in
Analysis and Applications of Hydrogels; Sutapa Biswas, M., Ed.; IntechOpen: Rijeka, Croatia, 2016.

8.  Salati, M.; Khazai, J.; Tahmuri, A.; Samadi, A.; Taghizadeh, A.; Taghizadeh, M.; Zarrintaj, P.; Ramsey, J.; Habibzadeh, S.;
Seidi, F; et al. Agarose-Based Biomaterials: Opportunities and Challenges in Cartilage Tissue Engineering. Polymers 2020, 12,
1150. [CrossRef]

9.  Assanah, F,; Grassie, K.; Anderson, H.; Xin, X.; Rowe, D.; Khan, Y. Ultrasound-derived mechanical stimulation of cell-laden
collagen hydrogels for bone repair. J. Biomed. Mater. Res. Part A 2023. ahead of print. [CrossRef] [PubMed]

10. Lu, Y;; Zhao, M,; Peng, Y; He, S.; Zhu, X.; Hu, C.; Xia, G.; Zuo, T.; Zhang, X.; Yun, Y.; et al. A physicochemical double-
cross-linked gelatin hydrogel with enhanced antibacterial and anti-inflammatory capabilities for improving wound healing. J.
Nanobiotechnology 2022, 20, 426. [CrossRef] [PubMed]

11.  Craciun, A.M.; Morariu, S.; Marin, L. Self-Healing Chitosan Hydrogels: Preparation and Rheological Characterization. Polymers
2022, 14, 2570. [CrossRef]

12.  Xiao, Z.; Zhao, S.; Zhang, X.; Wei, G.; Su, Z. Recent Advances in Peptide Engineering of PEG Hydrogels: Strategies, Functional
Regulation, and Biomedical Applications. Macromol. Mater. Eng. 2022, 307, 2200385. [CrossRef]

13. Olaret, E.; Voicu, S.I; Oprea, R.; Miculescu, F; Butac, L.; Stancu, I.-C.; Serafim, A. Nanostructured Polyacrylamide Hydrogels
with Improved Mechanical Properties and Antimicrobial Behavior. Polymers 2022, 14, 2320. [CrossRef] [PubMed]

14. Lin, Y,; He, D.; Hu, H; Sun, S.; Li, Y.; Liu, X.; Li, G. Polydimethylsiloxane (PDMS)-containing hydrogels prepared by micellar
copolymerization in aqueous media. Mater. Lett. 2020, 263, 127251. [CrossRef]

15. Niemczyk-Soczynska, B.; Gradys, A.; Kolbuk, D.; Krzton-Maziopa, A.; Rogujski, P.; Stanaszek, L.; Lukomska, B.; Sajkiewicz, P. A
methylcellulose/agarose hydrogel as an innovative scaffold for tissue engineering. RSC Adv. 2022, 12, 26882-26894. [CrossRef]

16. Lee, J.E.; Heo, SW.; Kim, C.H.; Park, S.J.; Park, S.H.; Kim, T.H. In-situ ionic crosslinking of 3D bioprinted cell-hydrogel constructs
for mechanical reinforcement and improved cell growth. Biomater. Adv. 2023, 147, 213322. [CrossRef]

17.  Zhang, J.; Hurren, C.; Lu, Z.; Wang, D. pH-sensitive alginate hydrogel for synergistic anti-infection. Int. |. Biol. Macromol. 2022,
222,1723-1733. [CrossRef]

18. Sinawang, G.; Osaki, M.; Takashima, Y.; Yamaguchi, H.; Harada, A. Biofunctional hydrogels based on host—guest interactions.
Polym. ]. 2020, 52, 839-859. [CrossRef]

19. Pamplona, R,; Gonzalez-Lana, S.; Romero, P.; Ochoa, I.; Martin-Raptn, R.; Sinchez-Somolinos, C. Tuning of Mechanical Properties
in Photopolymerizable Gelatin-Based Hydrogels for In Vitro Cell Culture Systems. ACS Appl. Polym. Mater. 2023, 5, 1487-1498.
[CrossRef]

20. Li, X,; Xiong, Y. Application of “Click” Chemistry in Biomedical Hydrogels. ACS Omega 2022, 7, 36918-36928. [CrossRef]
[PubMed]

21. Rusu, A.G,; Nita, L.E.; Simionescu, N.; Ghilan, A.; Chiriac, A.P,; Mititelu-Tartau, L. Enzymatically-Crosslinked Gelatin Hydrogels
with Nanostructured Architecture and Self-Healing Performance for Potential Use as Wound Dressings. Polymers 2023, 15, 780.
[CrossRef] [PubMed]

22. Emani, S.; Vangala, A.; Buonocore, F,; Yarandi, N.; Calabrese, G. Chitosan Hydrogels Cross-Linked with Trimesic Acid for the
Delivery of 5-Fluorouracil in Cancer Therapy. Pharmaceutics 2023, 15, 1084. [CrossRef] [PubMed]

23. Cao, H.; Duan, L.; Zhang, Y.; Cao, J.; Zhang, K. Current hydrogel advances in physicochemical and biological response-driven
biomedical application diversity. Signal Transduct. Target. Ther. 2021, 6, 426. [CrossRef] [PubMed]

24. Rumon, MM.H.; Akib, A.A,; Sultana, F.; Moniruzzaman, M.; Niloy, M.S.; Shakil, M.S.; Roy, C.K. Self-Healing Hydrogels:
Development, Biomedical Applications, and Challenges. Polymers 2022, 14, 4539. [CrossRef] [PubMed]

25. Uman, S.; Dhand, A.; Burdick, J.A. Recent advances in shear-thinning and self-healing hydrogels for biomedical applications. J.

Appl. Polym. Sci. 2020, 137, 48668. [CrossRef]


https://doi.org/10.1016/j.addr.2012.09.010
https://doi.org/10.1089/ten.teb.2016.0465
https://doi.org/10.1016/j.copbio.2011.01.003
https://doi.org/10.3390/ma12203323
https://doi.org/10.1002/adhm.201200332
https://www.ncbi.nlm.nih.gov/pubmed/23233355
https://doi.org/10.1002/term.2880
https://doi.org/10.3390/polym12051150
https://doi.org/10.1002/jbm.a.37508
https://www.ncbi.nlm.nih.gov/pubmed/36728346
https://doi.org/10.1186/s12951-022-01634-z
https://www.ncbi.nlm.nih.gov/pubmed/36153602
https://doi.org/10.3390/polym14132570
https://doi.org/10.1002/mame.202200385
https://doi.org/10.3390/polym14122320
https://www.ncbi.nlm.nih.gov/pubmed/35745896
https://doi.org/10.1016/j.matlet.2019.127251
https://doi.org/10.1039/D2RA04841H
https://doi.org/10.1016/j.bioadv.2023.213322
https://doi.org/10.1016/j.ijbiomac.2022.09.234
https://doi.org/10.1038/s41428-020-0352-7
https://doi.org/10.1021/acsapm.2c01980
https://doi.org/10.1021/acsomega.2c03931
https://www.ncbi.nlm.nih.gov/pubmed/36312409
https://doi.org/10.3390/polym15030780
https://www.ncbi.nlm.nih.gov/pubmed/36772082
https://doi.org/10.3390/pharmaceutics15041084
https://www.ncbi.nlm.nih.gov/pubmed/37111570
https://doi.org/10.1038/s41392-021-00830-x
https://www.ncbi.nlm.nih.gov/pubmed/34916490
https://doi.org/10.3390/polym14214539
https://www.ncbi.nlm.nih.gov/pubmed/36365532
https://doi.org/10.1002/app.48668

Molecules 2023, 28, 4523 22 of 23

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Reys, L.L,; Silva, S.S.; Soares da Costa, D.; Oliveira, N.M.; Mano, J.E; Reis, R.L.; Silva, T.H. Fucoidan Hydrogels Photo-Cross-
Linked with Visible Radiation As Matrices for Cell Culture. ACS Biomater. Sci. Eng. 2016, 2, 1151-1161. [CrossRef]

Oliveira, C.; Ferreira, A.S.; Novoa-Carballal, R.; Nunes, C.; Pashkuleva, I.; Neves, N.M.; Coimbra, M.A.; Reis, R.L.; Martins,
A.; Silva, T.H. The Key Role of Sulfation and Branching on Fucoidan Antitumor Activity. Macromol. Biosci. 2017, 17, 1600340.
[CrossRef]

Isnansetyo, A.; Lutfia, F,; Nursid, M.; Trijoko; Susidarti, R. Cytotoxicity of Fucoidan from Three Tropical Brown Algae Against
Breast and Colon Cancer Cell Lines. Pharmacogn. J. 2017, 9, 14-20. [CrossRef]

Ale, M.T.; Mikkelsen, ].D.; Meyer, A.S. Important determinants for fucoidan bioactivity: A critical review of structure-function
relations and extraction methods for fucose-containing sulfated polysaccharides from brown seaweeds. Mar. Drugs 2011, 9,
2106-2130. [CrossRef]

Obluchinskaya, E.D.; Pozharitskaya, O.N.; Shikov, A.N. In Vitro Anti-Inflammatory Activities of Fucoidans from Five Species of
Brown Seaweeds. Mar. Drugs 2022, 20, 606. [CrossRef]

Anisha, G.S.; Padmakumari, S.; Patel, A.K,; Pandey, A.; Singhania, R.R. Fucoidan from Marine Macroalgae: Biological Actions
and Applications in Regenerative Medicine, Drug Delivery Systems and Food Industry. Bioengineering 2022, 9, 472. [CrossRef]
Fang, C.Y.; Chen, S.H.; Huang, C.C.; Liao, Y.-W.; Chao, S.-C.; Yu, C.-C. Fucoidan-Mediated Inhibition of Fibrotic Properties in
Oral Submucous Fibrosis via the MEG3/miR-181a/Egrl Axis. Pharmaceuticals 2022, 15, 833. [CrossRef] [PubMed]

Ayrapetyan, O.N.; Obluchinskaya, E.D.; Zhurishkina, E.; Skorik, Y.A.; Lebedev, D.V.; Kulminskaya, A.A.; Lapina, LM. Antibacte-
rial Properties of Fucoidans from the Brown Algae Fucus vesiculosus L. of the Barents Sea. Biology 2021, 10, 67. [CrossRef]
Cabral, EM.; Mondala, ].R.M.; Oliveira, M.; Przyborska, ]J.; Fitzpatrick, S.; Rai, D.K.; Sivagnanam, S.P.; Garcia-Vaquero, M.;
O’Shea, D.; Devereux, M.; et al. Influence of molecular weight fractionation on the antimicrobial and anticancer properties of a
fucoidan rich-extract from the macroalgae Fucus vesiculosus. Int. |. Biol. Macromol. 2021, 186, 994-1002. [CrossRef] [PubMed]
Liu, Y.;; Huang, H.; Xu, Z.; Xue, Y.; Zhang, D.; Zhang, Y.; Li, W.; Li, X. Fucoidan protects the pancreas and improves glucose
metabolism through inhibiting inflammation and endoplasmic reticulum stress in T2DM rats. Food Funct. 2022, 13, 2693-2709.
[CrossRef] [PubMed]

Fitton, H.].; Stringer, D.S.; Park, A.Y.; Karpiniec, S.N. Therapies from Fucoidan: New Developments. Mar. Drugs 2019, 17, 571.
[CrossRef]

Fu, X.T.; Kim, S.M. Agarase: Review of major sources, categories, purification method, enzyme characteristics and applications.
Mar. Drugs 2010, 8, 200-218. [CrossRef]

Gasperini, L.; Mano, ].E; Reis, R.L. Natural polymers for the microencapsulation of cells. J. R. Soc. Interface 2014, 11, 20140817.
[CrossRef]

Roberts, ].J.; Martens, P.J. 9—Engineering biosynthetic cell encapsulation systems. In Biosynthetic Polymers for Medical Applications;
Poole-Warren, L., Martens, P, Green, R., Eds.; Woodhead Publishing: Swaston, Cambridge, UK, 2016; pp. 205-239.

Normand, V.; Lootens, D.L.; Amici, E.; Plucknett, K.P.; Aymard, P. New Insight into Agarose Gel Mechanical Properties.
Biomacromolecules 2000, 1, 730-738. [CrossRef]

Zarrintaj, P.; Manouchehri, S.; Ahmadi, Z.; Saeb, M.R.; Urbanska, A.M.; Kaplan, D.L.; Mozafari, M. Agarose-based biomaterials
for tissue engineering. Carbohydr. Polym. 2018, 187, 66-84. [CrossRef]

Garcia, F; Solis, J.; Calderén, J.; Luque, E.; Neyra, L.; Manrique, H.; Cancino, R.; Castillo, O.; Cornejo, S.; Rodriguez, E.; et al.
Prevalencia de diabetes mellitus y factores de riesgo relacionados en una poblacién urbana. Rev. Soc. Peru. Med. Interna 2007, 20,
90-94.

Marchioli, G.; van Gurp, L.; van Krieken, P.P; Stamatialis, D.; Engelse, M.; van Blitterswijk, C.A.; Karperien, M.B.].; de Koning, E.;
Alblas, J.; Moroni, L.; et al. Fabrication of three-dimensional bioplotted hydrogel scaffolds for islets of Langerhans transplantation.
Biofabrication 2015, 7, 25009. [CrossRef] [PubMed]

Farina, M.; Alexander, J.E; Thekkedath, U.; Ferrari, M.; Grattoni, A. Cell encapsulation: Overcoming barriers in cell transplantation
in diabetes and beyond. Adv. Drug Deliv. Rev. 2019, 139, 92-115. [CrossRef]

Paez-Mayorga, J.; Capuani, S.; Hernandez, N.; Farina, M.; Chua, C.Y.X,; Blanchard, R.; Sizovs, A.; Liu, H.-C.; Fraga, D.W,;
Niles, J.A.; et al. Neovascularized implantable cell homing encapsulation platform with tunable local immunosuppressant
delivery for allogeneic cell transplantation. Biomaterials 2020, 257, 120232. [CrossRef] [PubMed]

Pierre, S.; Frederic, C.; Francois, R.; Faisal, A.-S.; Rana Ben, A.; Nadia, B.; Luc, P; Liliane, L.; Murielle, M.; Lydia, R.; et al.
Purification of a low molecular weight fucoidan for SPECT molecular imaging of myocardial infarction. Mar. Drugs 2014, 12,
4851-4867. [CrossRef]

Lee, J; Jin, G.; Yeo, M,; Jang, C.; Lee, H.; Kim, G. Fabrication of electrospun biocomposites comprising polycaprolactone/fucoidan
for tissue regeneration. Carbohydr. Polym. 2012, 90, 181-188. [CrossRef]

Fernandez, E.; Lopez, D.; Mijangos, C.; Duskova-Smrckova, M.; llavsky, M.; Dusek, K. Rheological and thermal properties of
agarose aqueous solutions and hydrogels. J. Polym. Sci. Part B Polym. Phys. 2008, 46, 322-328. [CrossRef]

Bartnikowski, M.; Wellard, M.; Woodruff, M.; Klein, T. Tailoring Hydrogel Viscoelasticity with Physical and Chemical Crosslinking.
Polymers 2015, 7, 2650-2669. [CrossRef]

Silva, S.S.; Rodrigues, L.C.; Reis, R.L. An alternative approach to prepare alginate/acemannan 3D architectures. SN Appl. Sci.
2019, 1, 684. [CrossRef]


https://doi.org/10.1021/acsbiomaterials.6b00180
https://doi.org/10.1002/mabi.201600340
https://doi.org/10.5530/pj.2017.1.3
https://doi.org/10.3390/md9102106
https://doi.org/10.3390/md20100606
https://doi.org/10.3390/bioengineering9090472
https://doi.org/10.3390/ph15070833
https://www.ncbi.nlm.nih.gov/pubmed/35890132
https://doi.org/10.3390/biology10010067
https://doi.org/10.1016/j.ijbiomac.2021.06.182
https://www.ncbi.nlm.nih.gov/pubmed/34216667
https://doi.org/10.1039/D1FO04164A
https://www.ncbi.nlm.nih.gov/pubmed/35170612
https://doi.org/10.3390/md17100571
https://doi.org/10.3390/md8010200
https://doi.org/10.1098/rsif.2014.0817
https://doi.org/10.1021/bm005583j
https://doi.org/10.1016/j.carbpol.2018.01.060
https://doi.org/10.1088/1758-5090/7/2/025009
https://www.ncbi.nlm.nih.gov/pubmed/26019140
https://doi.org/10.1016/j.addr.2018.04.018
https://doi.org/10.1016/j.biomaterials.2020.120232
https://www.ncbi.nlm.nih.gov/pubmed/32768727
https://doi.org/10.3390/md12094851
https://doi.org/10.1016/j.carbpol.2012.05.012
https://doi.org/10.1002/polb.21370
https://doi.org/10.3390/polym7121539
https://doi.org/10.1007/s42452-019-0690-2

Molecules 2023, 28, 4523 23 of 23

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.
77.

78.
79.

Karoyo, A.H.; Wilson, L.D. Physicochemical Properties and the Gelation Process of Supramolecular Hydrogels: A Review. Gels
2017, 3, 1. [CrossRef]

Schurz, J. Rheology of polymer solutions of the network type. Prog. Polym. Sci. 1991, 16, 1-53. [CrossRef]

Rodrigues, L.C.; Silva, S.S.; Reis, R.L. Acemannan-based films: An improved approach envisioning biomedical applications.
Mater. Res. Express 2019, 6, 095406. [CrossRef]

Agnello, S.; Gasperini, L.; Mano, J.E; Pitarresi, G.; Palumbo, ES.; Reis, R.L.; Giammona, G. Synthesis, mechanical and thermal
rheological properties of new gellan gum derivatives. Int. J. Biol. Macromol. 2017, 98, 646-653. [CrossRef]

Trivedi, T.; Kumar, A. Efficient Extraction of Agarose from Red Algae Using Ionic Liquids. Green Sustain. Chem. 2014, 4, 190-201.
[CrossRef]

Kandemir, N.; Xia, Y.; Duan, P.; Yang, W.; Chen, J. Rheological Characterization of Agarose and Poloxamer 407 (P407) Based
Hydrogels. MRS Adv. 2018, 3, 1719-1724. [CrossRef]

Guvendiren, M.; Lu, H.D.; Burdick, J.A. Shear-thinning hydrogels for biomedical applications. Soft Matter 2012, 8, 260-272.
[CrossRef]

Duarte, M.E.; Cardoso, M.A.; Noseda, M.D.; Cerezo, A.S. Structural studies on fucoidans from the brown seaweed Sargassum
stenophyllum. Carbohydr Res. 2001, 333, 281-293. [CrossRef]

Indovina, P.L.; Tettamanti, E.; Micciancio-Giammarinaro, M.S.; Palma, M.U. Thermal hysteresis and reversibility of gel-sol
transition in agarose-water systems. J. Chem. Phys. 1979, 70, 2841-2847. [CrossRef]

Sinurat, E.; Peranginangin, R.; Saepudin, E. Purification and Characterization of Fucoidan from the Brown Seaweed Sargassum
binderi Sonder. Squalen Bull. Mar. Fish. Postharvest Biotechnol. 2016, 10, 547-558. [CrossRef]

Huang, Y.C.; Yang, Y.T. Effect of basic fibroblast growth factor released from chitosan-fucoidan nanoparticles on neurite extension.
J. Tissue Eng. Regen. Med. 2016, 10, 418-427. [CrossRef]

Alwarsamy, M.; Gooneratne, R.; Ravichandran, R. Effect of fucoidan from Turbinaria conoides on human lung adenocarcinoma
epithelial (A549) cells. Carbohydr Polym. 2016, 152, 207-213. [CrossRef]

Hao, Y.; Zhao, W.; Zhang, L.; Zeng, X.; Sun, Z.; Zhang, D.; Shen, P; Li, Z; Han, Y,; Li, P; et al. Bio-multifunctional algi-
nate/chitosan/fucoidan sponges with enhanced angiogenesis and hair follicle regeneration for promoting full-thickness wound
healing. Mater. Des. 2020, 193, 108863. [CrossRef]

Pernodet, N.; Maaloum, M.; Tinland, B. Pore size of agarose gels by atomic force microscopy. Electrophoresis 1997, 18, 55-58.
[CrossRef] [PubMed]

Lahaye, M.; Rochas, C. Chemical structure and physico-chemical properties of agar. Hydrobiologia 1991, 221, 137-148. [CrossRef]
You, K.; Kim, D.; Kwon, B.-].; Vagaska, B.; Kang, J.; Seo, H.; Lee, M.; Park, C. Methods for Evaluation of the Chemotactic Migration
of the Cells in 3D Biomimetic Matrix. Biomater. Res. 2012, 16, 129-134.

Silva, ]. M.; Duarte, A.R.C.; Caridade, S.G.; Picart, C.; Reis, R.L.; Mano, ].F. Tailored Freestanding Multilayered Membranes Based
on Chitosan and Alginate. Biomacromolecules 2014, 15, 3817-3826. [CrossRef]

Matsuyama, H.; Tamura, T.; Kitamura, Y. Permeability of ionic solutes in a polyamphoteric membrane. Sep. Purif. Technol. 1999,
16, 181-187. [CrossRef]

Singh, N.K,; Lee, D.S. In situ gelling pH- and temperature-sensitive biodegradable block copolymer hydrogels for drug delivery.
J. Control. Release 2014, 193, 214-227. [CrossRef]

Yang, N.J.; Hinner, M.J. Getting across the cell membrane: An overview for small molecules, peptides, and proteins. Methods Mol.
Biol. 2015, 1266, 29-53. [CrossRef]

Strand, B.L.; Coron, A.E.; Skjak-Braek, G. Current and Future Perspectives on Alginate Encapsulated Pancreatic Islet. Stem Cells
Transl. Med. 2017, 6, 1053-1058. [CrossRef]

McCluskey, J.T.; Hamid, M.; Guo-Parke, H.; McClenaghan, N.H.; Gomis, R ; Flatt, PR. Development and functional characterization
of insulin-releasing human pancreatic beta cell lines produced by electrofusion. J. Biol. Chem. 2011, 286, 21982-21992. [CrossRef]
Haggag, Y.A.; Abd Elrahman, A.A_; Ulber, R.; Zayed, A. Fucoidan in Pharmaceutical Formulations: A Comprehensive Review for
Smart Drug Delivery Systems. Mar. Drugs 2023, 21, 112. [CrossRef] [PubMed]

Guo-Parke, H.; McCluskey, ].T.; Kelly, C.; Hamid, M.; McClenaghan, N.H.; Flatt, PR. Configuration of electrofusion-derived
human insulin-secreting cell line as pseudoislets enhances functionality and therapeutic utility. J. Endocrinol. 2012, 214, 257-265.
[CrossRef] [PubMed]

Radhouani, H.; Bicho, D.; Gongalves, C.; Maia, F.R.; Reis, R.L.; Oliveira, ].M. Kefiran cryogels as potential scaffolds for drug
delivery and tissue engineering applications. Mater. Today Commun. 2019, 20, 100554. [CrossRef]

Kuijpers, A.J.; Engbers, G.H.M.; Feijen, J.; De Smedt, S.C.; Meyvis, TK.L.; Demeester, J.; Krijgsveld, J.; Zaat, S.A.]J.; Dankert, ]J.
Characterization of the Network Structure of Carbodiimide Cross-Linked Gelatin Gels. Macromolecules 1999, 32, 3325-3333. [CrossRef]
Li, J.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 16071. [CrossRef]

Castle, J.E. Practical surface analysis by Auger and X-ray photoelectron spectroscopy. Sutf. Interface Anal. 1984, 6, 302. [CrossRef]
Jan, H. Kirby-Bauer Disk Diffusion Susceptibility Test Protocol. American Society for Microbiology: Washington DC, USA, 2016.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/gels3010001
https://doi.org/10.1016/0079-6700(91)90006-7
https://doi.org/10.1088/2053-1591/ab2f66
https://doi.org/10.1016/j.ijbiomac.2017.02.029
https://doi.org/10.4236/gsc.2014.44025
https://doi.org/10.1557/adv.2018.131
https://doi.org/10.1039/C1SM06513K
https://doi.org/10.1016/S0008-6215(01)00149-5
https://doi.org/10.1063/1.437817
https://doi.org/10.15578/squalen.v10i2.133
https://doi.org/10.1002/term.1752
https://doi.org/10.1016/j.carbpol.2016.06.112
https://doi.org/10.1016/j.matdes.2020.108863
https://doi.org/10.1002/elps.1150180111
https://www.ncbi.nlm.nih.gov/pubmed/9059821
https://doi.org/10.1007/BF00028370
https://doi.org/10.1021/bm501156v
https://doi.org/10.1016/S1383-5866(99)00006-4
https://doi.org/10.1016/j.jconrel.2014.04.056
https://doi.org/10.1007/978-1-4939-2272-7_3
https://doi.org/10.1002/sctm.16-0116
https://doi.org/10.1074/jbc.M111.226795
https://doi.org/10.3390/md21020112
https://www.ncbi.nlm.nih.gov/pubmed/36827153
https://doi.org/10.1530/JOE-12-0188
https://www.ncbi.nlm.nih.gov/pubmed/22685334
https://doi.org/10.1016/j.mtcomm.2019.100554
https://doi.org/10.1021/ma981929v
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1002/sia.740060611

	Introduction 
	Results and Discussion 
	Physical–Chemical Characterization of Fu, Aga, and AgaFu 
	Rheology 
	Chemical Characterization 
	X-ray Photoelectron Spectroscopy (XPS) 
	Mechanical Properties and Hydrogel Mesh Size 
	Diffusion Tests and Permeability to Glucose 

	Biological Characterization 

	Materials and Methods 
	Materials 
	Purification of Fucoidan (PFu) 
	Preparation of Fucoidan-Based Hydrogels 
	Physical–Chemical Characterization of AgaFu Hydrogels 
	Rheology 
	Hydrogel Mesh Size 
	1H NMR Spectroscopy 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	X-ray Photoelectron Spectroscopy (XPS) 
	Stability Test 
	Diffusion within Hydrogels 
	Permeability to Glucose 

	Biological Assessment of Developed Fucoidan-Based Hydrogel 
	Cell Culture 
	Cell Encapsulation 
	Metabolic Activity, Proliferation, and Morphology 
	Cell Morphology 

	Statistical Analysis 

	Conclusions 
	References

