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Abstract

Diabetes has become a global public disease that affects the quality of life of
people and demands high costs in health systems. Diabetes increases the blood
glucose levels and induces inappropriate insulin use; current treatments are

not very efficient in treating this disease. In this study, a porous alginate (Alg)/
chitosan (Ch) scaffold, cross-linked with genipin (GEN), functionalized with
endothelial growth factor (VEGF-A) by carbodiimide-Ch coupling, was developed
to support beta-pancreatic cells. Characterizations such as scanning electron
microscopy (SEM) and, Fourier transform infrared spectroscopy (FTIR) were
used to identify functional groups and observe the morphology and porosity of
the scaffolds. Degradation and swelling velocity tests were performed following
by biological tests such as cell viability, cell cytotoxicity and proliferation assays
were measured in all the samples. The scaffolds obtained had a sponge-like
structure with interconnected pores with diameters less than 25-280 pm, suitable
for beta-pancreatic cells growth and islet formation. These matrices degrade are
stable over time and allow cell culture while maintaining beta-cell viability and
proliferation. It additionally generates protection against cell death by inducing an
appropriate environment to preserve viability and also through the action of VEGF
in combination with GEN induces the proliferation of beta cells. This approach
allows the design of a matrix with biomimetic properties for insulin-producing
cells culture and represents a significant advance in the field of medicine and life
sciences.
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Andamio reticulado a base de
alginato-quitosano funcionalizado
con VEGF-A para el soporte de las
células betapancreaticas

Resumen

La diabetes se ha convertido en una enfermedad publica mundial que afecta la
calidad de vida de las personas y exige altos costos en los sistemas de salud. La
diabetes aumenta los niveles de glucosa en sangre e induce el uso inadecuado de
insulina; los tratamientos actuales no son muy eficaces para tratar esta enfermedad.
En este estudio, se desarroll6 un andamio poroso de alginato (Alg)/quitosano (Ch),
reticulado con genipina (GEN), funcionalizado con factor de crecimiento endotelial
(VEGF-A) mediante acoplamiento carbodiimida-Ch, para soportar las células
beta-pancredticas. Se utilizaron caracterizaciones como microscopia electrénica

de barrido (SEM) y espectroscopia infrarroja por transformada de Fourier (FTIR)
para identificar grupos funcionales y observar la morfologia y porosidad de los
andamios. Se realizaron pruebas de velocidad de degradacién e hinchazén y luego
se realizaron pruebas bioldgicas como viabilidad celular, citotoxicidad celular y
ensayos de proliferacion en todas las muestras. Los andamios obtenidos tenian una
estructura similar a una esponja con poros interconectados con didmetros entre
los rangos 25-280 pm, adecuados para el crecimiento de células beta pancreaticas
y la formacidn de islotes. Estas matrices se degradan, son estables en el tiempo y
permiten el cultivo celular manteniendo la viabilidad y proliferacion de las células
beta. Adicionalmente, genera una proteccion contra la muerte celular induciendo
un ambiente apropiado para preservar la viabilidad e incluso por la accién del
VEGF en combinacién con GEN, induce la proliferacion de células beta. Este enfoque
permite el disefio de una matriz con propiedades biomiméticas para el cultivo de
células productoras de insulina y representa un avance significativo en el campo de
la medicina y las ciencias de la vida.

Palabras clave: beta-pancreatica; andamio; insulina; diabetes; genipina;
quitosano; alginato; factor de crecimiento endotelial; celulas; proliferacion.
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1. Introduction

Type 1 diabetes Mellitus (DM) is characterized by high glucose
plasma levels. This disorder leads over time to an insulin secretion
alteration on the specialized cells of the pancreas (beta-pancreatic
cells) or alterations in tissue effectors that lead to a loss of sensitivity
in one or more points of the complex pathways of the hormonal
action of insulin. In recent years, 11 individuals worldwide have
suffered from this disease, representing an alarming increase in the
incidence of diabetes (Norris et al., 2020). According to estimates,
415 million adults worldwide had diabetes in 2015, and by 2040,
this number will be 642 million (Maniruzzaman et al., 2020). This
disease is associated with severe health complications, such as visual
problems, diabetic foot, kidney failure, and neuropathy, affecting

the patient and generating high costs in the comprehensive social
security system. In addition, the total costs related to diabetes are
higher in Latin America and the Caribbean. The economic burden
has been estimated at US $65,000 million per year of gross domestic
product (GDP) in most countries (Adey et al., 2020).

Insulin dosing by exogenous routes, which is highly invasive
and painful, or a complete pancreas transplant, which could present
rejection, does not meet the needs of patients with diabetes or
improve their quality of life (Brawerman and Thompson, 2020).
Therefore, advances in alternative therapies forrestructuring and
functionalizing specialized endocrine cells of the pancreas based
on cellular and molecular mechanisms associated with diabetes are
promising.

Cell-biomaterial interactions have emerged as a potential field
to provide strategies for the immunoprotection of pancreatic islets
(Hu and de Vos, 2019; Song and Roy, 2016). Primarily, matrices are
used to maintain pancreatic beta cells in semi-permeable polymeric
membranes with glucose-sensitive properties (Hu and de Vos, 2019;
Yang et al., 2021). Several studies on hydrogel platforms have been
proposed for diabetic applications (Chua et al.,, 2018). However,
the use of hydrogels based on Alg and Ch blends with GEN as a
crosslinker has not yet been explored for the culture of insulin-
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producing cells. Alg is a biomaterial with great biocompatibility
properties and low toxicity, structural similarity with life tissues of
the extracellular matrix (ECM), minimization of bacterial infection at
the wound site, and facilitation of healing and low cost (Dhamecha
et al, 2019). On the other hand, Ch is a natural polymer, too, and has
good biocompatibility, controlled biodegradation, and antibacterial
properties (Zhao et al., 2018). Given the poor mechanical properties
of Ch, covalent crosslinking with GEN was used (Kildeeva et al,,
2020). GEN acts specifically on the uncoupling protein 2 (UCP2)-
dependent manner increasing mitochondrial membrane changes

on the ATP channels that leads to the the insulin secretion into the
pancreatic islets cells that reverses the high levels of plasma glucose
and beta cell disfunction (Zhang et al.,, 2006). The matrices with
GEN are not cytotoxic and promote cell adhesion, proliferation, and
migration, according to tests carried out by other authors on human
cells and in vivo tests (Gao et al., 2014). Finally, VEGF-A has been
used to functionalize beta-pancreatic cell scaffolds (Lammert et al.,
2003) because it promotes cell survival, proliferation, differentiation,
angiogenesis, and blood glucose regulation, and increases the
interaction of beta-pancreatic cells with the circulatory system
(Lammert et al., 2003). This study aimed to evaluate a polymeric
scaffold based on Alg/Ch/GEN functionalized with VEGF-A for
insulin-producing cell growth and proliferation as a strategy for
tissue engineering in diabetes.

2. Materials and Methods

2.1. Scaffold Preparation

A chitosan (Ch) (medium molecular weight, Sigma Aldrich, lot
# SLBG4282V) solution was prepared at 1 % w/v by dissolving it
in acetic acid solution (2 %v/v). Alg (low viscosity, Sigma-Aldrich)
solution 1 % w/v was prepared in deionized water. For scaffold
functionalization with VEGF-A, Alg solution 1 % w/v was dissolved in
20 % citrate buffer (pH = 6) and 80% deionized water. The reaction
with 1-ethyl-3-(3-(dimethylamino) propyl)- carbodiimide (EDC) and
N-hydroxysuccinimide (EDC/NHS) was performed on ice for 2 h, and
the Alg solution was incubated with 1 ng of VEGF-A (Sigma Aldrich)
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for 12 h at 600 rpm. Finally, a 25% w/v GEN solution (G4796, Sigma
Aldrich) was prepared in 60% v/v ethanol.

The scaffold formation was mixed with Alg/Ch in a 20/80
proportion (M1), then GEN was added at 0.5% and 1% w/w
without VEGF-A (M2 and M3, respectively) and GEN 0.5% or 1%
w/w functionalized with VEGF-A (M4 and M5, respectively); this
proportion was based on 1% total mix chitosan weight. It was
homogenized by sonication for 10 min with cycles of 40 s on and 10 s
off at an amplitude of 35% (Vibra Cell, Sonics). For porous formation,
the samples were placed at 37 °C for 48 h, frozen at -20 2C for 24 h,
and lyophilized at -50 2C for 24 h at 10 mTorr (Virtis, SP Scientific).
Control samples were prepared with an Alg/Ch ratio 20/80 (M1),
without GEN and VEGF-A. All treatments were performed in
triplicates.

2.2. SEM Analysis

The electron microscopy (SEM) (Phenom ProX) was used to
obtain photomicrographs of scaffold surfaces at an accelerating
voltage of 15 kV. The morphology and microstructure of the scaffolds
were observed. To measured matrices pore size the Image] software
was used.

2.3. FTIR Analysis

Fourier-transform infrared (ATR-FTIR) spectroscopy was used
to evaluate the bands of the composite scaffold using a PerkinElmer,
USA with a wavenumber of 4000-650cm™, 25 scans per sample, and
a relative pressing force of 80%.

2.4. Swelling of Polymeric Matrices

The swelling ratio of each scaffold (M1-M5) was determined
using rectangular pieces (approximately mm). The dry weights of
the samples were measured using an electronic balance (Denver
Instruments), recorded W,. Samples were recovered every 24, 48, 72,
96, 120, and 144 h in phosphate-buffered saline (PBS) and the wet
weight of the scaffold (W ) was measured. The wet weights (W ) were
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not measured until the weight displayed on the electronic balance
no longer changed (Hsieh et al., 2007). At least three samples were
measured per each time under the same conditions.

The water absorption of these samples was calculated using the
Equation 1:

Swellingratio(%) = % x 100 (1)
0

2.5. In vitro Degradation

Scaffold biodegradability was assessed by monitoring weight loss
over four weeks. Initially, three samples of the scaffold were cut into
rectangles of the same size (approximately 6 x 4 mm) and analyzed
for 28 days. The dry weights (W,) of the samples were measured
whashed with PBS and incubated at 37 °C. After incubation for 28
days, the scaffolds were removed from the medium, dried, and their
final weight (W) was recorded.

The percentage of degradation (D) of these samples was
calculated using the Equation 2:

Degradation(%) = % x 100 (2)

2.6. Cell Culture

BRIN-BD11 cells ich is a beta-pancreatic cell line (Cell Bank,
Coleraine, Northern Ireland, U.K) were ultured at a 4x10* cells/cm?
cell density, pancreatic cells were cultured as was described before
(Sanchez-Cardona et al., 2021). Briefly, cells were incubated at 37
°C under 5% CO, in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM-F12 -GlutaMAX-I) (Gibco, New York, NY, USA)
supplemented with 10%, fetal calf serum, 1% (v/v) antibiotic/
antimycotic solution (Gibco, New York, NY, USA).

The biomaterials samples were sterilized with UV-C irradiation for
20 min, washed with PBS three times, and placed in a 24 well-plate. Then,
cells were dispersed with trypsin (w/v) and cultured on the scaffolds at
4x10*cells/cm?, and incubated for three days at 37°C/5% CO.,
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2.7. Cell viability Assay

To evaluate the effect of the scaffolds on beta pancreatic
cell viability, the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was measured as was described
before (Anjani et al., 2022; Sanchez-Cardona et al., 2021). Briefly, the
MTT solution was added to the culture and after 8 hr of incubation
and the crystals were formed, the (dimethyl sulfoxide) (99.7%, Sigma
Aldrich, St. Louis, MO, USA) was added to dissolve the formazan
crystals, the absorbance was read at 570 nm on a Synergy H1
microplate reader (Biotek, Winooski, VT, USA). The plate culture cells
were used as control without any biomaterial.

2.8. Live and Dead Staining

For live/dead staining, the protocol has been previously
described (Anjani et al., 2022). Briefly, the were washed followed
by the stained with ethidium homodimer-1 (Molecular Probes,
Eugene, Oregon, USA) and calcein AM and 5 pug/mL during 5 minutes.
Fluorescence images were obtained using an Olympus Fluoview
Confocal Microscope.

2.9. Lactate Dehydrogenase (LDH) Assay

The LDH assay quantifies the cytosolic lactate dehydrogenase
enzyme released in the culture medium by cells with damaged
membranes. The protocol has been described before (Anjani et al,
2022). Specifically, washed cell suspension was incubated with 2%
Triton X-100 (v/v) during 30 min at 37°C. Then, lysed cell solution
from each well was incubated again at 37°C for 30min. The final
solution was placed to a 96-well plate. The absorbance was read at
490 nm with 620 nm as the reference wavelength. The percentage
of cell death was determined by re-leasing LDH from live samples
normalized to the positive control samples (or lysis buffer treated).

2.10. Cell Proliferation

Proliferation was measured evaluating the number of DNA copies
formed by each cell cycle as was described before(Anjani et al., 2022).
The amount of DNA in the cells attached to the biomaterials was
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determined using Quant-iT™ PicoGreen® dsDNA Reagent and Kits
(Molecular Probes, Life Technologies Corp.) as the manufacturer’s
instructions. Specifically, The samples were washed and mixed

with lysis buffer. To release the DNA samples were vortexed and
homogenized during 10-15 min. The sample was incubated with
DNA-binding fluorescent dye solution and the fluorescence as
measured at 480 to 520 nm. Lambda DNA was used as the standard
curve to calculate the amount of DNA. Samples (n=3) were prepared
in triplicate.

2.11. Statistical Analysis

Data are expressed as mean * SEM. Statistical differences
between mean values were analyzed using one-way ANOVA with
multiple post-hoc-Turkey test. A comparison of the two variants was
performed using the student’s t-test. Statistical significance was set
at P<0.05. Statistical analyses were performed using SPSS/Windows
version 15.0 software (SPSS Inc. Chicago, IL, USA).

3. Results and Discussion

3.1. SEM Analysis

The obtained scaffolds had a sponge-like structure and retained
the shape and thickness of the mold. In addition, the matrixes
exhibited a regular and homogeneous surface with a rough
appearance. On the other hand, the scaffolds treated with GEN had
a bluish coloration, characteristic of matrices crosslinked using
this compound, which has been widely reported in other studies
(Dimida et al,, 2017).Figure 1 shows the SEM micrographs obtained
at 400X magnification of the cross, upper, and lower sections of each
matrix, in which there are interconnected pores. Matrices containing
GEN and VEGF-A had larger pores that were slightly rounder. SEM
micrographs show all the walls of the samples and have small pores
that allow greater communication between the cells; however, those
in the presence of VEGF-A (M4 and M5) have more porous walls.

The pore sizes were calculated by analyzing the SEM micrographs
of each matrix using Image] software. The results showed that
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approximately 90% of the matrix pores had sizes in the range of 25 -
300 um. Structures with interconnected pores have been reported to
mimic, at least to a large extent, tissues in their natural state, allowing
not only a simulation of normal tissue but also nutrient and gas
exchange that can greatly support cell proliferation (Shi et al., 2002),
and thus, contribute to enhancing the outcomes of the 3D scaffolds,
especially those functionalized with VEGF-A.

The most frequent minimum pore sizes were those between
30 and 75 pm. According to Madden et al., a pore size with a
minimum size of 30-40 pm maximizes vascularization and allows the
infiltration of blood vessels into the scaffolds (Madden et al.,, 2010).
By promoting vascularization on scaffolds, the survival of pancreatic
islets is expected to be improved by reducing cellular apoptosis
caused by hypoxic conditions.

Comparing the samples by the percentage of GEN, that is, those
with 0.5% with 1%, specifically, M2 (145.5 pm) vs M3 (248.0 um) and
M4 (272.9 pym) vs M5 (283.7 um), it was found that samples what had
a percentage of GEN 1% had larger pore size diameters. This could
be because a low concentration of GEN generates weak chemical
crosslinking between the polymers, and a network of less-structured
pores is formed.

In contrast, comparing the maximum pore size of the samples
with the same percentage of GEN, but with or without the presence
of VEGF-A. Specifically, M2 (145.5 pm) and M3 (248.0 um) vs M4
(272.9 pym) and M5 (283.7 um), the VEGF-A scaffolds have larger
pores. This could be due to the capacity of VEGF-A protein to modify
the pore size in some biomaterials (Antonova et al.,, 2016; Chakka et
al, 2021). According to the pore size, the islets of Langerhans have
aradius of 50-250 um, in which -cells and other secretory cells are
densely packed (Bertram and Pernarowski, 1998). Pores of 200 and
300 pm have been found to induce physiological cellular organization
of pseudo-islet (3 cells (Ichihara et al., 2016). Therefore, in terms of
the ranges necessary for the culture of B-pancreatic cells and islets
of Langerhans, samples M1, M3, M4, and M5 have more suitable pore
diameters for -pancreatic cell culture and the pseudo-islets for
[-cells formation.



Crosslinked alginate-chitosan based scaffold functionalized with VEGF-A for the beta-pancreatic cells support

10

Figure 1. Representative SEM micrographs view of the cross (left), upper(middle),

and lower (right) sections of the developed M1 to M5 scaffolds.
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M3

M4

M35

3.2. FTIR Analysis

The infrared spectra of all the samples are presented in
Figure 2. In all cases, a band width at 3411 cm™ associated with
the vibrational stretching of the -OH groups of both chitosan and
alginate, is evident. In this same region, the vibration associated
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with stretching the -NH, groups of chitosan is overlayed (Garnica-
Palafox et al.,, 2020; Tavares et al., 2020). Additionally, in all
samples, the absorption bands around 2929 cm™ and 2858 cm™ can
be attributed to symmetric and asymmetric stretching of the C-H
bond, respectively (Queiroz et al., 2015).

Around 1633 cm™, there is a signal attributed to the vibration
of the C=0 bond of the acetylated units of chitosan (groups -C(0)
NH,, amide I); at 1545 cm™ there is a signal associated with the
bending vibrations N-H bond of amide II of chitosan (Garnica-Palafox
etal, 2020).The signal at 1407 cm™, also present in all samples, is
associated with CH,-CH and CH-OH bending vibrations (Garnica-
Palafox et al., 2020). Finally, at 1151 cm™™, there is a signal associated
with the asymmetric stretching vibrations of the C-0O-C bond, and at
1069 cm™ and 1031 cm™}, there are present the stretching vibrations
of the C-0 and C-N bonds, respectively (Klein et al., 2016; Tavares et
al, 2020). The C-0 bonds occur for both chitosan and alginate, but the
C-N bond is characteristic only of chitosan. Due to the above, these
signals are present in all the samples analyzed.

Figure 2. FTIR Spectroscopy analysis of M1 to M5 scaffolds.
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Concerning the crosslinking of GEN with chitosan, the reaction
through a nucleophilic attack of the amino group of Ch on the olefinic
carbon of GEN implies the opening of the dihydropyran ring and the
formation of a tertiary amine, with GEN attached to a glucosamine
unit of Ch as a final product. The slowest reaction posterior between
the amino group of chitosan and the ester group of GEN forms
an amide bond (Klein et al.,, 2016). Therefore, the main chemical
differences observed by infrared spectroscopy occur between 3500
cm®and 3000 cm? and between 1600 cm™ and 1500 cm™ (Garnica-
Palafox et al., 2020). Following the above, for the samples crosslinked
with GEN (M2, M3, M4, and M5) and modified with the growth
factor (M4 and M5), a comparison was made of the intensity of the
absorbance peak in the region of 3411 cm™! and 1545 cm™. Figure 3
shows a decrease in the intensity of the signals in the two previously
mentioned regions due to the consumption of ami Figure 2 no and
hydroxyl groups during the crosslinking reaction (Garnica-Palafox et
al, 2020). The decrease is more significant for the samples modified
with the growth factor because the modification reaction with
carbodiimide also consumes amino groups from chitosan.

Figure 3. FTIR Spectroscopy analysis in absorbance of M1 to M5 scaffolds. (a) Whole

spectrum and (b) Region 1800 to 850 cm-1.
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Absorbance (wa)

0,0
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4000 3500 3000 2500 2000 1500 1000 500
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After normalizing all the spectra, a quantitative analysis
was performed through the ratio of the intensities of the signal
at 1545 cm™ and the signal at 1151 cm™ (Table 1) since the
first band (1545 cm™) decreases with the modification and
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crosslinking, and the second (1151cm™), which corresponds to
the C-0-C bond, does not change with the reactions mentioned
above. The results of this intensity ratio indicate that samples
M2 and M3, compared to M1, have a difference in the intensity
ratio of approximately 0.1, indicating that the intensity of the
signal decreases at 1545 cm™ due to the crosslinking reaction
with GEN that leads to the formation of secondary amides due to
the reaction between the ester and hydroxyl groups of GEN and
the amino groups of chitosan (Garnica-Palafox et al., 2020).

When comparing samples M4 and M5, which in addition to
being cross-linked, were also modified with the growth factor, the
difference in the ratio of intensities concerning M1 is approximately
0.7, thus indicating that there is a greater consumption of amino
groups due to cross-linking and modification processes. These results
suggest a successful modification and cross-linking in the samples.

Table 1. Intensity ratio for all samples and intensity differences for the samples
crosslinked and modified with the growth factor.

Sample (lntensity[;l;ilés/itl};)i:t:i)ty 1151)9 Intensity differences ™
M1 2,952
M2 2,777 0,175
M3 2,846 0,106
M4 2,308 0,644
M5 2,180 0,772

a)The intensity ratio was calculated as the division between
the intensity of the signal at 1545cm ! and the intensity of the
signal at 1151 cm’. Intensities were calculated using the spectrum
in absorbance units and using Origin® software; b) The difference
in intensity was calculated using M1 as a reference, which was the
sample without crosslinking and without a growth factor. Intensity
ratio values were used for each of the samples.

13
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3.3. Swelling of Polymeric Matrices

In cell culture, swelling of scaffolds is relevant, mainly because it
favors the transport of fluids, metabolites and nutrients within the
scaffold, improving the surrounding environment for cell support
and survival. Swelling also modifies the pore size increasing the
internal surface of the scaffolds for better adherence to the developed
matrices (Maji et al,, 2016). Figure 4 shows the swelling percentage of
all treatments (M1 to M5) during 144 h. Samples reached equilibrium
after 42 h in PBS at 37 °C, which could be explained by their being
porous, allowing fluid to pass through for a given time until the
porous medium becomes impermeable (Hommel et al., 2018).

Radius is a significant factor controlling the permeability of porous
structures (Nishiyama and Yokoyama, 2017).

Figure 4. A swelling ratio over time of M1 to M5 scaffolds.
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According to Figure 4, M2 was found to have a lower swelling
ratio than M3. At pH 7.4 carboxyl group in alginate is ionized;
therefore, M2 should swell more. Nevertheless, in the M3 sample,
chitosan is more crosslinked with GEN, which could displace the
electrostatic interactions between chitosan and alginate, making
carboxyl groups in alginate more available to interact with water.
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Moreover, when contrasting this result with size pores, M3 had more
pores, confirming a minor restriction to water uptake.

Furthermore, it was found that M2 y M3 had less swelling
behaviour than M4 and M5. The last could be explained since M2, and
M3 only have GEN, while M4 y M5 have GEN and VEGF-A. The VEGF-A
presence could alter the hydrophilic/hydrophobic balance in the
scaffold, but further analysis should be used in the future to explain
the role of VEGF-A in the scaffold.

3.4. In vitro Degradation

Figure 5 shows the percentage of degradation every 7 days
during 4 weeks of M1 to M5 scaffolds. The graph shows that all the
scaffolds presented weight loss during this time.

Comparing the samples according to the GEN percentage, scaffolds
with GEN 0.5% have a higher rate of degradation (M2 = 24.3% and
M4 = 43.0%) in contrast with GEN 1% samples (M3 = 19.4% and M5 =
27.5%); this could be explained because they are less crosslinked and
have more mechanical weakness. In addition, the M1 sample has a low
weight loss percentage (22.7%) mainly because the Alg-Ch scaffold
is not crosslinked with GEN. This result could be for the Ch and Alg
charges (positive and negative, respectively), during the synthesis, an
electrostatic interaction occurs, which allows the scaffold to preserve
its structure (Belén et al., 2009).

Figure 5. Degradation total percentage of M1 to M5 scaffolds.
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Finally, after measuring the pH of the medium every week, it
presented acidification of approximately 2%, considering that the
initial PBS pH was 7.41. This variation in pH may be explained
because the pKa of Ch is around 5.5-6.5 and, since PBS has a pH above
the pKa, electrostatic interactions are lost, and the material begins to
precipitate. This loss of stability is further aggravated by the increase
in ionic strength in PBS (Echeverri-Cuartas et al., 2020). Additionally,
the glacial acetic acid remaining in scaffolds could be for the 1% Ch
synthesis and, this indicates that the scaffolds must be washed to
remove it with PBS before the cell culture.

3.5. Matrixes Biological Effect

Taking into account that Alg/Ch scaffolds were crosslinked
with GEN and functionalized with VEGF-A, that scaffolds have
interconnected pores, with different sizes of diameters (between
1 to 280 pm), suitable ranges for {3 cells and pancreatic islets, the
effect of scaffolds M1 to M5 on the viability and proliferation of
insulin-producing cells was evaluated in order to determine if the
scaffolds produce a microenvironment that favours the survival and
proliferation of 3 pancreatic cells.

In this line, Figure 6a shows that, all concentrations maintain cell
viability at different levels respect to the control cells. Specifically, the
graph shows that scaffolds M4 and M5 functionalized with VEGF-A
maintain better cell viability (121 % and 148 %, respectively) upper
80% in contrast with the scaffolds M1 (62.2 %), M2 (65.3 %) and M3
(73.9 %).

Additionally, the LDH assay (Figure 6b) shows the lowest release
of LDH to the media with the scaffolds M4 and M5 functionalized with
VEGF-A (29.2 % and 20.5 %, respectively). This result suggests the
lowest percentage of membrane 8 cell rupture with VEGF-A scaffolds
in contrast with the scaffolds M1 (52.9 %), M2 (41.8 %) and M3
(30.2 %) and a high cytotoxic effect of the M1, M2 and M3 samples
compared to the control of dead cells. Those results are confirmed by
the live and dead technique where the same proportions of live and
dead cells could be visualized in each condition (Figure 6¢).
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Figure 6. Beta pancreatic cell viability and proliferation on Alg/Ch/GEN functionalized

scaffolds. (@) MTT assay as percentage of viable cells on M1 to M5 samples. (b) lactate

dehydrogenase (LDH) release study. (c) Live/dead staining of pancreatic cells on plate
(control) and M1 to M5 samples cell culture. (Green = FDA (live); red = PI (dead)); scale bar =

100 pm. (d) PicoGreen assay results showing total DNA content of cells on plate cell culture,
M1 to M5 samples cultured.” ¥, **, ***“ denotes a statistically significant difference (p < 0.05)
in cell number with respect to the culture plate cells (TCP). Data points represent mean + SD

(n=3).
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The evaluation of cytotoxicity using MTT was in accordance
with the [SO2109932-5 standard, using a 5-point grading scale, as
was described before (Li et al., 2016). Specifically, VEGF-A maintains
better cell viability -upper 80% suggesting a cell growth relative
rate grade 0, suggesting no cytotoxicity (Li et al., 2016). However,
samples M1, M2 and M3 samples according to the scale show a
Grade 2 and represent mild cytotoxicity (Li et al,, 2016). All these
results were confirmed with cytotoxic effects with LDH. To note, the
beta pancreatic cell viability was improved with the GEN addition
to the scaffold with respect to M1 (without GEN), and a better
cell viability dependent of GEN concentration was identified. In
this sense, it could be due that GEN could inhibit the uncoupling
protein 2 (UCP2-a protein associated with diabetes development)
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(Zhang et al,, 2001; Zhang et al.,, 2006) such as GEN promotes the
passage of electrons across the mitochondrial membrane, helping

to trigger the electron transport chain, it ultimately promotes ATP
production in pancreatic cells (Zhang et al., 2001, 2006) and GEN
has been shown to even increase the insulin secretion of insulin
after high glucose treatments on islets explants (Parton et al,, 2007;
Zhang et al., 2006), all those positive effects on beta cells could
explain better cell viability improved with the most higher GEN
concentration used in the scaffold development. However, only high
GEN concentrations were not enough to reduce the cytotoxicity grade
on beta cells as shown in our MTT, live and dead and LDH results.
Nevertheless, only after VEGF-A addition the beta cell viability was
improved to a grade 0 or no toxic effect of the biomaterial. This could
be explained since VEGF-A promotes cell survival (Lammert et al.,
2003; Phelps et al, 2015; Zhang et al., 2004) and even was described
as a VEGF-A protection against beta cell death due mainly to the
hypervascularisation of the biomaterial (De Leu et al., 2014).

All these results not only confirm the cell viability results, but
also suggest that there is a joint work effect with the treatment of
GEN and VEGF-A samples to preserve the integrity of the pancreatic
beta cell membrane and maintain the cell viability of pancreatic cells.

Finally, the proliferation of insulin-producing cells was evaluated.
Figure 6d show a significant increase in proliferation of  cells with
scaffold M5 (330.5 %) with respect to the control. This result could be
due to the GEN percentage (1%) [40] and VEGF-A functionalization
(De Leu et al, 2014). The VEGF-A effect on beta proliferation was
described before in vivo and in vitro assays, showing that induces
a process of beta cell regeneration and cell proliferation studies
(Lammert et al., 2003; De Leu et al., 2014; Staels et al., 2019).

The findings made show the usefulness of the Alg/Ch GEN
1% scaffold functionalized with VEGF-A as a biodegradable,
biocompatible, low toxicity, relatively low-cost scaffold with a similar
structure to the microenvironment of the beta pancreatic cell, which
preserves the viability and favours the proliferation of beta cells, this,
in turn, could represent an advantage improving the functionality
of the pancreatic beta-cell, vascularization after transplantation
and reduction of rejection when implanted in the body human as a
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screening for the diabetes treatment. Future studies could focus on
the effect of the scaffolds designed on the beta cell functionality and
animal transplantation.

4. Conclusions

In conclusion, our work shows the application of a scaffold of Alg/
Ch crosslinking with GEN 1% and functionalized with VEGF-A

by the chemical crosslinking method. The designed scaffold has

an appropriate pore size for the diffusion of nutrients necessary

for pancreatic cells (200 pm), they are scaffolds that retain their
structure for long periods of time, absorb nutrients in a stable
manner, in turn, favour protection against cell death-inducing an
appropriate environment to preserve viability and even by the action
of VEGF-A in combination with GEN 1%, induces the proliferation of
beta cells.
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