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ARTICLE INFO ABSTRACT

Keywords: Alginate crosslinked with calcium cations is a promising hydrogel for biomedical applications as it is non-toxic,
Alginate has suitable mechanical properties and is insoluble in water. Cobalt has been shown to possess antibacterial
COb_alF capacity against Gram-positive and Gram-negative bacteria, and has an angiogenesis effect. In this study, algi-
Zgﬁs:zl nate films were crosslinked with Ca%* and Co?" ions to explore their biological properties in terms of antiviral
Antibacterial capacity, antibacterial properties, anticancer activity and their toxicity. The results show that the hydrogel with a
Anticancer very small amount of cobalt was biocompatible in vivo using the Caenorhabditis elegans model and in vitro on

human keratinocyte cells and it also exhibited antibacterial activity against the life-threatening methicillin-
resistant Staphylococcus aureus. Furthermore, this hydrogel showed antiviral activity against a surrogate of SARS-
CoV-2 and anticancer properties against melanoma and colon cancer cells, which render it a promising material
for biomedical applications such as wound healing and tissue engineering. Water sorption experiments, Fourier
transform infrared spectroscopy, electron microscopy with Energy Dispersive X-ray Spectrometry and degrada-
tion analysis in acid aqueous medium were performed to complete the characterization of these new materials.

1. Introduction or in vivo assays [5,6]. Their biological properties can be enhanced by

adding other compounds with intrinsic antimicrobial properties such as

Hydrogels are three-dimensional crosslinked polymeric structures
which can absorb large amounts of water, due to the hydrophilic groups
of their polymeric skeleton. They also have high strength, good flexi-
bility and are insoluble in water [1]. Alginate is a promising biopolymer
among the most common hydrogels for potential use in biomedical ap-
plications [2] and is obtained mainly from brown algae (Laminaria sp.
and Fus vesiculosus). They are linear polymers formed by alternating
guluronic (a-L-guluronic) and mannuronic (B-D-mannuronic) acid units,
polyguluronic zones and polymannuronic zones [3]. This hydrogel has a
large number of industrial and biomedical applications such as water
treatment, tissue engineering and drug delivery [4].

No toxicity of alginate hydrogels has been observed in either in vitro

* Corresponding authors.

silver, zinc, cobalt, copper or carbon-based materials [7,8]. Alginate
crosslinked with bacterial cellulose and cobalt hydrogel thus showed
antibacterial activity against E. coli and S. aureus [9]. Alginate-based
hydrogels are promising as a drug delivery system to treat cancer
cells,[10-12] while alginate crosslinked with a cobalt matrix incorpo-
rating selenium-modified borosilicate glass showed angiogenesis and
anti-microbial effects [13]. Alginate dopamine hydrogel loaded with an
anticancer drug improved cytotoxicity against squamous cancer and
colon cells [14]. In this study, alginate hydrogel films were prepared by
solvent casting and subsequent crosslinking with Ca?* and different
amounts of Co®" for the first time. Our aim was to study the biological
properties of these novel hydrophilic films in terms of toxicity, both in
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Fig. 1. Schematic of the film preparation.

vitro and in vivo and their antiviral, antibacterial and anticancer
properties.

2. Materials and methods
2.1. Materials

Sodium alginate, calcium chloride (>93.0%) and cobalt (II) chloride
(>98.0%) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
The alginate used had previously been characterized [3] and showed a
fraction of guluronic (G) blocks of 0.463, a fraction of mannuronic (M)
blocks of 0.537, or M/G ratio of 1.16, a fraction of GG blocks of 0.282, a
fraction of MG blocks of 0.181, a fraction of MM blocks of 0.356, a
fraction of GGM blocks and MGG blocks of 0.048, and a fraction of GGG
blocks of 0.234. The guluronic acid blocks were mostly arranged in short
G-blocks (average length ~ 7). Fetal bovine serum (FBS), DMEM low
glucose, penicillin—streptomycin (P/S), L-glutamine and Epidermal
Growth Factor (EGF) were obtained from Life Technologies (Gibco,

Karlsruhe, Germany). Bacteriological agar from Scharlau (Ferrosa,
Barcelona, Spain). Typtic soy broth (TSB) and typtic soy agar (TSA) from
Liofilchem.

2.2. Synthesis

0.25 g of sodium alginate was dissolved in 30 mL of distilled water
and dispersed by magnetic stirring for 1 h at 24 + 0.5 °C. This solution
was put into a Petri dish and left for 24 h at room temperature, followed
by 48 at 37 °C. The crosslinking solution was prepared by dissolving 10 g
of calcium chloride in 500 mL of distilled water and dispersed by
magnetic stirring for 15 min at 24 + 0.5 °C. A small quantity of this
solution was then placed in the Petri dish with sodium alginate. When
the film separated, it was put into the crosslinking solution for 2 h at 24
+ 0.5 °C. After that, the film was washed three times in a water solution
to remove any residual crosslinker. Subsequently, different quantities of
cobalt chloride (0, 7.8, 3.9, 0.78 and 0.078 mmol) were diluted in 500
mL of distilled water. The film was placed in its corresponding cobalt

Co0 C00.078

Co0.78

C00.39 Co7.8

Fig. 2. Alginate films crosslinked with calcium and cobalt cations.
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chloride solution for 1 h at 24 + 0.5 °C. It was then poured into a Petri
dish and left for 24 h at room temperature, followed by 48 at 37 °C in an
oven. These samples are hereinafter referred to as Co7.8, Co3.9, C00.78,
Co00.078 and CoO films, according to the number of cobalt chloride
grams used in the synthetic procedure (Fig. 1).

Fig. 2 shows how the hydrogel films take on a pinkish color with
increasing cobalt content. Disks 10 mm in diameter were obtained from
the hydrogels with a cylindrical punch. The samples were then subjected
to ultraviolet radiation for 1 h per side for sterilization.

2.3. Swelling ratio

The films were dried at 60 °C for 48 h to constant weight, after which
they were weighed and placed in 100 mL of distilled water and left in an
oven at 37 °C. Thus, they were weighted at different water sorption
times (30 min, 5 h, and 24 h). The water sorption (h) was calculated by
the following Eq. (1):

Myrydr im — Maryfi
h= ( ‘hydratedfilm dr}/llm) (1)

mdnﬁlm

where Mpydrared fitm is the weight of the swollen film for each time and
Mygry fim is the weight of the dry film.

2.4. Electron microscopy.

The composition of the hydrogels was analyzed by field emission
scanning electron microscope (FESEM) (Zeiss ULTRA 55, Carl Zeiss
Microscopy) with Energy Dispersive X-ray Spectrometry (EDX, X-Max N,
Oxford Instruments). The samples were coated with a carbon layer using
a sputter coating (EM MEDO020, Leica). The percentages of Ca and Co
ions were obtained with the EDX in three different zones of the surface at
an accelerating voltage of 15 kV.

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR (Bruker ALPHA II Compact FT-IR Spectrometer) was used to
study the surface functional groups in a transmittance mode. All spectra
were scanned at room temperature over the wave number range of

4000—400 cm — 1 using 30 scans at a resolution of 2 cm ™.

2.6. Degradation analysis

The quantitative results of this study were based on the weight
control of the films for 3 months in an acid aqueous degradation medium
(pH 6). The acid aqueous medium was composed of deionized water
with a pH adjusted to 6 with a 10% HCI solution in water. Initially, the
materials were vacuum dried at 60 °C to determine the dry mass of each
material. Samples were introduced into 50 mL falcon tubes containing
the degradation medium (40 mL per flask) and placed in the shaking
bath with a shaking frequency of 80 r.p.m. at 37 °C. The experimental
degradation times were 1, 2 and 3 months. Three replicates of each
material per time were analyzed to provide reproducible results. After
each selected degradation time, the materials were extracted and dried
to constant weight to determine the weight loss and morphological
changes.

2.7. Toxicological in vitro study

All the 10 mm diameter disks were placed in a 6-well plate with
DMEM (Biowest SAS, France) FBS, a volume ratio of 3 cm?/mL was
selected, in accordance with ISO-10993, which recommends this rate for
tube wall, slab and small molded articles.

The biomaterials were incubated in humidified 5% CO5/95%
ambient air for 72 h at 37 °C. A cell line of non-tumorigenic immortal-
ized human keratinocyte HaCaT cells was provided from the Medical

European Polymer Journal 197 (2023) 112377

Research Institute Hospital La Fe, Valencia, Spain. Cell incubation was
carried out in a mixture of DMEM with 10% FBS, 1% w/v penicillin
(Lonza, Belgium), and 1% w/v streptomycin (HyClone, GE Healthcare
Life Sciences), at 37 °C and 5% CO». The MTT assay was used to measure
the effect of the hydrogel treatment on cell viability The HaCaT cells
were planted at 10 cells/well on a 96-well plate and incubated for 24 h
at 37 °C, after which the medium in each well was replaced by 100 pL of
hydrogel extracts. The medium was also replaced by 100 pL of the same
medium used to produce the hydrogel extracts (positive control) as well
as 100 pL of 1000 uM zinc chloride (>97.0%, Sigma-Aldrich) solution as
negative control, as this concentration is highly toxic to HaCaT cells
[15]. Cell incubation was carried out with 5 mg/mL MTT in each well for
3 h. 100 pL dimethyl sulfoxide (Sigma-Aldrich) was added at ambient
temperature and the absorbance was read at 550 nm on a microplate
reader (Varioskan, Thermo Fisher).

2.8. In vivo toxicity tests

In vivo toxicity was studied in the Caenorhabditis elegans model. Ex-
tractions from the Co7.8, C03.9, Co00.78, Co00.078 and Co0
Co07.8C03.9C00.78C00.078films were accomplished following the ISO-
10993 standard recommendations. Potassium medium (2.36 g potas-
sium chloride, 3 g sodium chloride in 1 L distilled water, autoclaved)
was added from each well of a 6-well plate in accordance with ISO-
10993. After incubating for 72 h at 25 °C, extracts were collected in
1.5 mL Eppendorf tubes.

The N2 strain used in these experiments was provided by the Cae-
norhabditis Genetics Center (CGC, Minneapolis, MN, USA). The worms
were maintained and propagated on OP50 E. coli seeded nematode
growth medium (NGM) at 25 °C. The NGM plates were washed with 5
mL of distilled water to collect the worms in 15 mL falcon tubes.

The NGM plates were washed with 5 mL of distilled water to collect
the worms in 15 mL falcon tubes. The C. elegans were synchronized, for
which the tubes were centrifuged at 1300 r.p.m. for 3 min. The pellet
containing the worms was resuspended in 100 pL of distilled water. 700
uL of a 5% bleaching solution was added to this resuspension. This
mixture was vortexed every 2 min for 15 min, after which the tubes were
centrifuged at 700x g for 3 min. The pellet with the worm eggs was
washed in 800 uL of distilled water and this step was repeated twice.
Finally, the pellet was resuspended in 100 pL of distilled water and
transferred to NGM plates seeded with 100 uL of an OP50 E. coli culture.
The plates were incubated for 72 h at 25 °C and washed with distilled
water. The wash was centrifuged to collect the L1-stage worm popula-
tion. The pellet was resuspended in 3 mL of potassium medium 62.5 uL
of a 1:250 suspension of cholesterol (5 mg/mL in ethyl alcohol) in a
sterile potassium medium, 62.5 pL of a 50x concentrated OP50 E. coli
culture. 115 L of potassium medium and 250 pL of the pertinent extract
were added to a each well of a 48-well plate and a volume of K medium
containing 50-100 worms was added. The plates were sealed with
parafilm and placed in an orbital shaker at 25 °C and 120 r.p.m. for 24
and 72 h. The positive control was worms incubated with a medium only
and without extracts. The negative control was worms incubated with a
zinc dilution. For the survival rate of C. elegans, the number of living and
dead worms were counted. The mixture incubation with the extracts and
the worms was divided into 10 drops of 50 pL and placed under a mi-
croscope (Motic BA410E including Moticam 580 5.0MP). To analyze
reproduction, three worms were placed on a new OP50 seeded NGM
plate and allowed to lay eggs for 48 h. The eggs were then counted under
the microscope. Body lengths were measured in a photo taken under the
microscope by Motic Images Plus 3.0 software. Five independent repli-
cates (n = 5) were conducted.

2.9. Antibacterial activity

The hydrogels were put into a tube with a dilution of methicillin-
resistant Staphylococcus aureus, COL [16] in a concentration of about
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Fig. 3. Water absorption ((Mhydrated film — Mdry film)/Mdry film) Of the calcium alginate film (Co0) and films crosslinked with different amounts of cobalt (Co7.8, Co3.9,
Co00.78 and C00.078) after 30 min (a), 5 h (b) and 24 h (c) at 37 °C. The results of the statistical analysis between the untreated film (Co0) and the films crosslinked

with different amounts of cobalt are shown: ns: not significant.

1 x 10° CFU/mL in TSB. A volume ratio of 3 cm?/mL was selected,
following ISO-10993 and placed in an orbital shaker at 37 °C and 240 r.
p-m. for different study times (24 h and 15 h). The falcon tubes were
then vortexed for 1 min and serial dilutions were taken from each
sample. 100 uL of each dilution was added to the TSA plate and was
extended with a spreader. The plates were incubated for 18-24 h in an
oven at 37 °C. The number of colonies in CFU/mL in each sample were
compared with the control, which consisted of a falcon tube with only
bacteria without a sample. Three independent antibacterial tests were
made on two different days (n = 6) to guarantee reproducibility.

2.10. Anticancer study

The 10 mm-diameter disks were placed in a tube with DMEM (Bio-
west SAS, France) without FBS, covering the whole surface area. The
1SO-10993 standard, which recommends a volume ratio of 3 cm?/mL for
irregular low-density porous materials were followed.

The biomaterials were incubated in humidified 5% CO5/95%
ambient air for 72 h at 37 °C. A colon cancer cell line (HT-29) and
melanoma (B16) [17-19]. were used. Cell incubation was performed in
a mixture of DMEM with 10% FBS, 1% L-glutamine and 1% penicillin/
streptomycin (Thermo Scientific Hyclone, Logan, UT, USA) at 37 °C and
5% CO2. The MTS assay was used to measure the effect of the treatment
with the hydrogels. The cells were planted in a 96-well plate at 1x10°
cells/well and incubated for 24 h at 37 °C. The medium in the wells was
replaced with 100 pL of hydrogel extracts. Three serial dilutions of each
extract were made. The medium was also replaced with 100 pL of the
medium used to produce the hydrogel extracts (control). The cell with
the hydrogel extract was incubated in humidified 5% CO2/95% ambient
air for 24 h at 37 °C. The MTS solution (20 pL) was added to each cell
culture well, the plate was incubated at 37 °C for 4 h and then analyzed
at 490 nm (Flurostar Omega plate reader, BMG Labtech, Aylesbury, UK).

2.11. Antiviral test using enveloped bacteriophage ®6

The Gram-negative Pseudomonas syringae (DSM 21482) from the
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH (Braunschweig, Germany) was grown on a TSA plate
and after in liquid TSB at 25 °C at a speed of 120 rpm. The enveloped
bacteriophage ®6 (DSM 21518) was propagated following the specifi-
cations provided by the Leibniz Institute.

50 pL of a bacteriophage suspension, at a titer of approximately 1 x
10° PFU/mL, in TSB was added to each disk and incubated for 24 h. The
bacteriophage suspension was added to each disk from a falcon tube
with 10 mL TSA. The tubes were sonicated for 5 min at 25 °C and sub-
sequently vortexed for 1 min. Serial dilutions were made for each
sample. 100 pL of the host strain at ODggonm = 0.5 was mixed with 100
pL of each bacteriophage dilution. The infective activity of the

Table 1
EDX analysis of alginate hydrogels crosslinked with calcium and different
amounts of cobalt.

Muestra Ca (wt%) Co(%wt)
Co0 13.79 £+ 0.59 0

Co00.078 11.34 + 0.34 0.28 + 0.02
Co00.78 9.86 + 0.42 4.26 + 0.28
Co3.9 4.78 £ 0.16 10.00 + 0.17
Co7.8 1.98 + 0.05 13.80 + 0.33

bacteriophage was determined by the double-layer method [20]. The
bacteriophage-bacteria suspension was mixed with 4 mL of top agar
(TSB + 0.75% bacteriological agar) with 1 mM CaCl; to be finally
poured onto TSA plates. The plates were incubated at 25 °C for 24 h. The
bacteriophage titer of each sample was calculated and expressed in PFU/
m for comparison with the control. The control consisted of the
bacteriophage-bacteria suspension not in contact with any disk. The
control will also ensure that the sonication/vortexing treatment does not
affect the bacteriophage’s infectious activity. The antiviral tests were
performed in triplicate on two different days (n = 6) to guarantee
reproducible results.

2.12. Statistical analysis

The student’s t-test was performed for pair comparisons and one-way
analysis of variance for multiple value comparisons, followed by Tukey’s
post hoc test (*p > 0.05, ***p > 0.001) on GraphPad Prism 6 software.

3. Results and discussion
3.1. Swelling ratio

The films were weighed at 3 different times (30 min, 5 h and 24 h) at
37 °C to calculate the absorption h, defined as the mass of water divided
by the mass of the dry film (Fig. 3).

The absorption h of liquid water at 37 °C did not show statistically
significant differences between the CoO film and the cobalt films (Co7.8,
C03.9, C00.78 and C00.078) after 30 min, 5 h and 24 h. Therefore, all
these hydrophilic films present similar water absorption capacity.

3.2. Electron microscopy

To confirm the presence of Ca and Co ions, the cross-linked hydrogels
were analyzed by EDX (Table 1).

Although the EDX technique is semiquantitative, the results indicate
the presence of Ca?* and Co?* in the samples C00.078, C00.78, C03.9
and Co7.8. The concentration of Co?" ions increases with increasing the
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amount of cobalt chloride used in the film preparation, However, the
percentage of Ca?" ions decreases with increases the amount of Go?*
ions probably due to ion exchange.

3.3. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the different hydrogels are shown in Fig. 4. The
spectrum of the calcium alginate hydrogel (Co0) presents the charac-
teristic peaks at 822 cm™! related to CH flexure, 1012 cm ™! related to
CCH flexure, and COH, and 1047 cm ™! associated with the CO and CCC
stretching. The peaks at 1414 and 1587 cm™! can be attributed to the
stretching vibration of the COO carboxylate groups (symmetric and
asymmetric, respectively) and the broad peak between 2900 and 3600
cm-1 is related to the OH stretching vibration [21,22]. As expected, ca®t
and Co?* cross-linked alginate hydrogels show peak location in similar
positions, because binding of Ca and Co ions to alginate is similar, as
previously reported [23]. Ca and Co cations bind preferentially to the G
blocks of the alginate, giving rise to the egg-crate structure [24].

3.4. Degradation analysis

The results of weight loss after the degradation assay in the acid
aqueous medium are shown in Fig. 5.

The results confirm that higher concentration of Co?* ions caused a
higher degradation of the alginate-based hydrogel. The untreated film
(Co0) shows a weight loss of 6% after 3 months in acid aqueous medium.
Nevertheless, the weight loss of the Co7.8 film was 10% after 3 months
in acid aqueous medium.

Therefore, these new hydrogels containing cobalt are quite stable in
acid aqueous medium with a weight loss of only 10 % w/w after 3
months, which could be very interesting for certain biomedical
applications.

3.5. In vitro toxicological study

The results of the toxicity assays of the hydrogel extracts in the
presence of human keratinocyte HaCaT cells are shown in Fig. 6.
Extracts of Co0 and C00.078 samples showed no statistically
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C00.78C00.078), positive and negative controls cultured with human kerati-
nocyte HaCaT cells at 37 °C. ***p > 0.001; ns: not significant.

significant differences in cell viability (%) to those of the positive con-
trol, although Co7.8, C03.9 and Co0.78 showed statistically significant
reductions in cell viability (%). The film without cobalt ions (Co0) and
the Co00.078 film are therefore biocompatible in the presence of human
keratinocyte cells.

3.6. In vivo toxicity assay

The characteristics of the Caenorhabditis elegans model make it an
ideal living system for the analysis of its survival against exposure to
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specific materials or particles. Toxicity classification in C. elegans has
been shown to be as predictively reliable as rat or mouse LD50 [25]. It
also possesses human proteins, lipids, genes, and signaling methods, and
its digestive system is similar in many aspects to those of mammals
[26-30]. The genomics of this nematode is used to study human
development and disease [26] and it involves few ethical problems. In
many cases their conserved toxic action mechanisms have been found to
be similar to those of mammals, apart from the fact that it has genes for
most of the molecular components of the vertebrate brain. These
consistent correlations make it possible to include trials using this model
for early safety-testing and as an integrated or staggered toxicity testing
strategy, thus allowing an intermediate stage between in vivo and clin-
ical trials [31]. The worms’ different parameters were analyzed after a
24 h exposure 24 h (acute toxicity) to the cobalt extracts for survival rate
(Fig. 7a), reproduction (Fig. 7b) and body length (Fig. 7c), and after a 72
h exposure (chronic toxicity) for survival rate (Fig. 7d), reproduction
(Fig. 7e) and body length (Fig. 7f).

The extract of the cobalt films after 24 h of exposure (acute toxicity)
showed no significant difference with the positive control (Fig. 7a)
although the extract of C07.8, Co3.9 and C00.78 films did show signif-
icant differences with it after 72 h of exposure (chronic toxicity)
(Fig. 7d). Only the Co0 and C00.078 extract samples showed no signif-
icant difference with respect to the control and the survival rate was
more than 70%, indicating that the samples were not toxic. Body length
was the second parameter analyzed to determine cobalt extract toxicity.
Growth was measured by body length in a microscopic photo by Motic
Images Plus 3.0 software. The data obtained were normalized consid-
ering the Control mean such as 100% of %Length. The results showed no
significant difference between the Co0, Co7.8, C03.9, C00.78 and
Co00.078 extracts and the control after 24 h (Fig. 7c¢) and 72 h (Fig. 7f)
exposure. The last parameter analyzed to determine cobalt extract
toxicity was reproduction, for which 3 nematodes were placed on a new
plate and incubated for 48 h. The eggs were counted under a
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Fig. 7. Measured parameters of Caenorhabditis elegans in vivo toxicity to cobalt extracts after 24 h (acute toxicity) exposure: survival rate (a), reproduction (c) and
body length (c); and after 72 h (chronic toxicity) exposure: survival rate (d), reproduction (e) and body length (f). Data are expressed as the mean + standard
deviation of six replicates (n = 6). The results of the statistical analysis with respect to positive control are indicated in the graph: *** p < 0.001, ns: not significant.
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Fig. 8. Representative plate images with the Colony Forming Units (CFU) obtained in the antibacterial test of MRSA after 24 h and 15 h of exposure with a dilution

factor of 10 with positive control, Co0 and C00.078.
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Fig. 9. CFU reduction in logarithm of plaque-forming units per mL (log(CFU/
mL)). Control, untreated film (Co0), films treated with cobalt chloride
(C00.078) at 15 h and 24 h of bacterial contact with MRSA.

microscope, after which the data obtained were normalized considering
the Control mean of 100% of %Eggs. After 24 h exposure (Fig. 7b), the
results showed no significant difference between the cobalt extracts with
respect to control. On the other hand, since the survival rate after 72 h
exposure (Fig. 7e) was low in the Co7.8, C03.9 and Co0.78 samples, they
contained no eggs. Co0 and C00.078 showed no significant difference
with the control after 72 h exposure.

After analyzing these in vitro and in vivo, it was decided to carry out
the following biological studies (antiviral, antibacterial and anticancer)
only on the non-toxic samples (Co0 and C00.078), which the only ones
that can be used for biomedical applications.

3.7. Antibacterial activity

The antibacterial results of the positive control at 15 and 24 h of
treated (C00.078) and untreated (Co0) films against MRSA multidrug-

resistant bacteria are shown in Fig. 8.

The results of the antibacterial activity showed that the C00.078 film
had antibacterial activity (Fig. 9) at 15 h and 24 h of bacterial contact
with methicillin-resistant Staphylococcus aureus (MRSA), while, as ex-
pected, the positive control and the untreated film (Co0) showed no CFU
reduction or antibacterial activity.

3.8. Anticancer study

Melanoma cells (B16) were treated with serial dilutions of the Co0
and Co00.078 extract samples for 24 h (Fig. 10a and 10b, respectively).
Untreated film (Co0) showed no significant difference with the control,
as expected. However, the undiluted C00.078 extract did show signifi-
cant differences with the control. Thus, cell viability of the Co0.078
extract was less than 50%.

Colon cancer cells (HT-29) were treated with serial dilutions of the
extract of Co0 and C00.078 samples for 24 h (Fig. 10c and 10d,
respectively). Untreated film (Co0) showed no significant difference
with the control, as expected. On the other hand, although the undiluted
extract showed no significant differences with the control in the HT-29
cells, the diluted 1/10 of the extract of C00.078 showed significant
differences with the control. The cell viability of the Co0.078 WD is 76%
and the cell viability of the C00.01 10! was 66%. Although the graph
shows a difference between the viability of both samples, the ANOVA
with Tukey’s post-hoc test shows no significant differences between the
two samples.

3.9. Antiviral test using enveloped bacteriophage ®6

The results of the antiviral tests showed that the cobalt film
(C00.078) possesses antiviral activity at 24 h of viral contact with the
bacteriophage ®6 (Fig. 11).

Thus, after 24 h of contact between the cobalt film (Co0.078) and the
SARS-CoV-2 viral model, bacterial lawns grew in the plate with few
plaques (Fig. 11). On the other hand, the untreated film (Co0) showed
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Fig. 10. Anticancer activity of extracts of the Co0 (a) and C00.078 (b) films in melanoma (B16) for 24 h of exposure and anticancer activity of extracts of the Co0 (c)
and C00.078 (d) films in colon cancer cells (HT-29) for 24 h of exposure. The results of the extracts are shown for undiluted (WD) and diluted at 10, 102 and 107,
Data are expressed as the mean =+ standard deviation of six replicates. The results of the statistical analysis with respect to control are indicated in the graph: * p <

0.1; ns: not significant.

the same behaviour than C00.078. The plaque-forming units per mL
(PFU/mL) of bacteriophage @6 after being in contact with the Co0 and
C00.078 is shown and compared with the control in Fig. 12.

The antiviral activity of alginate crosslinked with calcium was
demonstrated in a previous publication [3]. Therefore, the C00.078 film
keeps the antiviral activity of calcium alginate because the % inactiva-
tion of the virus is close to 100% in both samples (Table 2).

The in vivo and in vitro biocompatible C00.078 film crosslinked with
Ca?* and Co?" manifests antiviral, antibacterial and anticancer activity.
Although the antimicrobial mechanism of cobalt is still not fully eluci-
dated,[32] the antimicrobial and anticancer mechanism of action of
Co?" against bacterial, viral phospholipid membranes and cancer cells
must be related to its positive charge and electronegativity (1.91) similar
to those of other well-known antimicrobial and anticancer cations such
as copper and silver (1.90 and 1.93, respectively).

Therefore, these new biofunctional alginate-based hydrogels are

very promising for biomedical applications. However, more research is
necessary in order to demonstrate whether the hydrogel would have any
adverse effects when used in vivo or whether the observed biological
properties would persist over time.

4. Conclusions

Novel alginate films crosslinked with Ca?* and different amounts of
Co?" ions were prepared by the solvent casting method. The hydrogel
with the fewest cobalt ions was biocompatible in keratinocyte cells and
also in vivo, using the C. elegans model. This hydrogel showed antibac-
terial activity against the MRSA multidrug-resistant bacteria and anti-
viral activity (98.01% viral inactivation) against a surrogate of SARS-
CoV-2 and other enveloped viruses, including influenza and Ebola.
This advanced biocompatible hydrogel film showed a slow degradation
behavior in acid aqueous medium and anticancer properties against
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Fig. 11. Loss of bacteriophage phi 6 viability measured by the double-layer method. Bacteriophage phi 6 titration images of 1/10 diluted samples for control (a),
untreated film (Co0) (b), film treated by cobalt (Co0.078) (c) at 24 h of viral contact.
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Fig. 12. Reduction of infection titers of the phi 6 bacteriophage in plaque-
forming units per mL ((PFU/mL)) measured by the double-layer method.
Control, untreated film (Co0), film treated with cobalt (C00.078) at 24 h of viral
contact. The results of the statistical analysis with respect to control are indi-
cated in the graph: *** p > 0.001.

Table 2

Infection titers obtained by the double-layer method for the antiviral assay
performed with bacteriophage ®6 expressed as mean + standard deviation,
percentage of viral inactivation and log(PFU/mL) reduction with respect to
Control and after being in contact with the untreated film (Co0), and the cobalt
(C00.078) for 24 h of viral contact.

Control Co0 Co00.078
PFU/mL 5.12 x 107 +9.23 x 0.00 + 1.02 x 10° £+ 6.63 x
10° 0.00 10°
log reduction - 7.70 1.75
% inactivation - 100 98.01
virus

melanoma and colon cancer cells. These promising results indicate that
further research should be carried out in this area towards new
biomedical applications for the novel alginate-based hydrogel film
developed in the current work.
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