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1

2

3 Cation-mediated gelation of the fucose-rich polysaccharide FucoPol:

4

5 preparation and characterization of hydrogel beads and their cytotoxicity
6

7 assessment

8

9

10 This study describes for the first time the iron- and copper-mediated gelation of

1; FucoPol, fucose-rich bacterial polysaccharide. The ability of FucoPol to gel in the

13 presence of metal cations, including iron(IIl) and copper(Il), was used for the

1;‘ preparation of hydrogel beads. Iron mediated the formation of stable and not cytotoxic

16 gel beads, while copper resulted in fragile and cytotoxic ones. Copper-mediated beads

1; coated with an iron-mediated gel layer were more stable and had reduced cytotoxicity.

19 The resulting polymeric structures had differing morphology, physical properties and

;? cytotoxicity, which support their use in several applications, including biomedicine,

22 agriculture and bioremediation.

23

24

25 Keywords: FucoPol; hydrogel beads; cytotoxicity

26

27 )

28 1. Introduction

29

;? Hydrogels are three-dimensional, hydrophilic, polymeric networks, with chemical or physical
;g cross-links, which can be cast into various shapes and retain high amounts of water or

34 . . . . .

35 biological fluids!!-2l. The water retention properties of hydrogels are dependent on the

36

37 polymers’ composition and are mainly due to the presence of hydrophilic groups (e.g.,

38

39 carboxyl, hydroxyl). The swelling degree is also dependent on the cross-link density and
40

41 naturel?]. Hydrogels have highly porous structures, with soft and elastic mechanical

42

ji characteristics, which make their properties similar to those of biological tissues!? 3.

22 Polysaccharides, due to their hydrophilic nature, together with their non-toxicity and
47 . - . . . . .

48 biodegradability, are especially suitable for the preparation of hydrogels for different kinds of
49

50 applications*-3l, Cation-mediated gelation of negatively charged polysaccharides is

51

52 frequently used to obtain polysaccharide hydrogels, in which gelation occurs through the
53

54 linkage of polymer chains mediated by ions!> ¢l. The gelation mechanism involves the

55

g? interaction of cations (e.g., calcium, copper, iron) with the polymers’ negatively charged
58 2
59
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residues, resulting in ionic crosslinks between different polymer chainsl> 7). Several natural
polysaccharides, including alginate(® 81, carrageenanl®], gellan gum(!%- '] and pectinl'?] were
used for the preparation of cation-mediated hydrogels.

Polysaccharide hydrogel beads can be obtained through ionotropic gelation by adding
dropwise the polymeric solution, through a needle, into an aqueous solution containing
polyvalent cations (e.g., Ca 2%, Cu 2*, AI’")[13. 141 The particles thus obtained have the rigidity
of a soft solid conferred by the gel network and are permeable to small molecules and ions.
Given these properties, polysaccharide hydrogel beads find applications ranging from
biomedicine and food, to biotechnology and environmental technology!!4-18,

FucoPol is a high molecular weight (1.7x10° - 5.8 x10° Da) fucose-containing
polysaccharide secreted by the bacterium Enterobacter A47 (DSM 23139)119 201, FucoPol’s
repeating unit is a hexamer with two fucose, two galactose, one glucose and one glucuronic
acid residues, corresponding to a molar ratio of 2.0:1.3:0.9:0.5[20- 211, The main chain is
composed of two a-(1,4)-linked fucose residues and a B-linked glucose residue, being one of
the fucose residues branched at position 3. The branches are composed of 2 galactose and a
glucuronic acid residue, with the terminal galactose residue pyruvated at positions 4 and 6. It
also contains acyl groups (succinyl, pyruvyl and acetyl) that account for up to 22wt% of the
polymer’s weight!?0: 21, The presence of glucuronic acid, as well as the acyl substituents
succinyl and pyruvyl, confer the polymer an anionic character!?!l,

FucoPol forms viscous solutions with a shear thinning behaviour??], has film-forming
capacity and emulsion forming and stabilizing capacity!?*- 21, In addition, it was used for
microencapsulation of bioactive compounds by spray drying[?3l. It was also employed as a
coating material for iron oxide magnetic nanoparticles and tested for human antibody

purification?* and for cell labelling by Magnetic Resonance Imaging!?3].
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FucoPol’s ability to form gels has never been assessed, but the polymer’s polyanionic
character and high molecular weight has driven the interest on testing this valuable property.
Therefore, in this study, the gel-forming capacity of FucoPol was studied, particularly in the
presence of metal cations. Different salts were tested, including mono-, di- and trivalent metal
cations, and the ones that resulted in the formation of a gel were tested for the preparation of
beads. FucoPol gel beads were characterized in terms of physical-chemical properties,

morphology, stability in aqueous solution, metal release and cytotoxicity.

2. Experimental

2.1. Screening of cations for metal induced gelation of FucoPol

Salts of several metal cations were tested, including monovalent (NaCl, KCI), divalent
(CaCl,, MgS0,, CuSO,, ZnSQy) and trivalent (FeCls) cations. A FucoPol solution (10 g L)
was prepared by dissolving the polymer in deionized water and stirring for 1 hour, at room
temperature (25 °C). The gelation ability of the polymer was assessed according to the
procedure described by Shimada et al.l?®! with slight modifications. Briefly, 10 mg of each
salt was dissolved in 1 mL of either NaOH 2 M (alkaline conditions) or deionized water
(neutral conditions). Then, a volume of 4 mL of the FucoPol solution was mixed with the salt

solutions.

2.2. Preparation of FucoPol hydrogel beads

A FucoPol solution (10 g L") was prepared as described above and used for the preparation
of the metal-FucoPol hydrogel beads. For the preparation of iron(IIT)-FucoPol beads (Fe-P
beads), 1 mL of the FucoPol solution was dripped into 30 mL of an aqueous FeCl; solution
(1.3x10~° mM) through a needle with a 0.6 mm diameter. The mixture was kept under stirring

(300 rpm), at room temperature (25 °C), for 30 minutes. Then, for removal of the unreacted
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crosslinker, the beads were washed with deionized water (30 mL; 4 times) until the pH was
6.5-7.5, and the conductivity was below 10 uS cm.

For preparation of the copper(Il)-FucoPol beads (Cu-P beads), 50 mg of CuSO,
dissolved in 1 mL deionized water were mixed with 2 mL of the FucoPol solution. The
resulting solution was dripped into 30 mL of a NaOH 2 M through a needle with a 0.6 mm
diameter. The mixture was kept under stirring (300 rpm) at room temperature (25 °C). The
Cu-P beads were removed from the solution 2 min after being formed and placed in
deionized water for removal of unreacted NaOH and CuSO,. The beads were washed 4 times
with deionized water (30 mL) until reaching neutral pH and a conductivity value below 10 uS
cm!. Iron(IIT)/Cu(II)-FucoPol beads (Fe/Cu-P beads) were obtained by transferring Cu-P
beads, prepared as described above, into an aqueous FeCls solution (1.3x10~> mM). The

beads were kept under stirring for 15 min (at 300 rpm).

2.3. Characterization of the beads

The metal-FucoPol beads were characterized in terms of their morphology (shape and size)
by scanning electron microscopy (SEM), and colour. SEM was performed with a Tabletop
Microscope TM3030 (Hitachi in high technologies, America). Hydrated samples were
observed at low temperature (-4 °C) with a magnification in the range of 30 - 1200%. The
dried beads, obtained by freeze-drying the hydrogel beads, were analyzed by fourier
transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). FTIR
analysis was conducted with a Perkin-Elmer Spectrum two spectrometer. The spectra were
recorded between 400 and 4000 cm™! resolution with 10 scans, at room temperature. TGA
was performed using a thermogravimetric equipment Labsys EVO (Setaram, France). The
samples were placed in aluminium crucibles and analysed in the temperature range between

25 and 500 °C, at 10 °C-min’!. For quantification of the beads’ metal content, they were
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placed in deionized water and hydrolyzed with 10% (v/v) trifluoracetic acid (TFA), at 120 °C,
for 4 hours. The samples were filtered (0.45 pm nylon; WHATMAN) and their content in
iron and copper was determined by Inductively coupled plasma — atomic emission
spectroscopy (ICP-AES) (Horiba Jobin-Yvon, France, Ultima model) equipped with a 40.68
MHz RF generator, Czerny-Turner monochromator with 1.00 m (sequential), autosampler

AS500 and Concomitant Metals Analyzer (CMA).

2.4. Metal release from the FucoPol beads

The metal release from the FucoPol beads was evaluated in different aqueous media:
deionized water, physiological serum (NaCl 0.9%, w/v), simulated gastric fluid (SGF)
without pepsin (NaCl 30 mM, HCI 0.3% (v/v), pH 1.2 £ 0.1), simulated intestinal fluid (SIF)
without pancreatin (KH,PO4 50 mM, NaOH 0.015 N, pH 6.8 & 0.1), phosphate-buffered
saline (PBS, KH,PO4 1 mM, Na,HPO, 3 mM, NaCl 155 mM, KCI 30 mM, pH 7.4) and cell
culture medium Dulbecco's Modified Eagle Medium (DMEM, ThermoFisher Scientific,
Waltham, Massachusetts, USA) supplemented with 10 % (v/v) heat inactivated fetal bovine
serum (FBS, ThermoFisher Scientific) and a mixture of 100 U/mL penicillin and 100 pg/mL
streptomycin (ThermoFisher Scientific). To evaluate the metal release over time in each
solution, FucoPol beads were weighed (150 mg Cu-P, 100 mg Fe-P or 30 mg Fe/Cu-P beads),
placed in 30 mL of each medium and kept at room temperature (25 °C) for 48 hours, in an
orbital shaker, at 150 rpm. Metal quantification was performed by ICP-AES, as described
above. This test was also performed at 37 °C for DMEM-FBS. Results were normalized to

time O hours.

2.5. Biological assays

2.5.1. Cell culture
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Normal human primary dermal fibroblasts, HPDFs; ovarian carcinoma cell line,
A2780; breast adenocarcinoma cell line, MCF-7; lung adenocarcinoma cell line, A549;
and chronic myeloid leukemia cell line, K562 (ATCC, Manassas, Virginia, USA) were
used. A549 cell line was cultured in DMEM-FBS; MCF-7, HPDFs and K562 were
cultured in DMEM-FBS supplemented with 1% (v/v) MEM (Minimum Essential
Media) non-essential amino acids (ThermoFisher Scientific) and A2780 cell line was
cultured on RPMI-1640 medium (ThermoFisher Scientific) supplemented with 10%
FBS and a mixture of 100 U/mL penicillin and 100 mg/mL streptomycin(?7- 28], All cell

cultures were maintained at 37 °C, 5 % (v/v) CO,, 99 % (v/v) relative humidity.

2.5.2. Cytotoxicity via MTS assay

Cytotoxicity analysis of FucoPol in normal and tumor cells (HPDFs, A2780, A549,
K562 and MCF-7) was performed as previously described by Fernandes et al.[*%].
Briefly, cells were seeded in 96 well plates at a density of 0.75x10%cells per well. The
culture medium was removed 24 h after seeding and replaced with fresh DMEM-FBS
containing FucoPol at concentrations between 0-500 pg mL-!'. Two controls were used
in each experiment, one without supplementation of FucoPol and another for assessing
FucoPol interference in the MTS assay using an identical 96 well plate without cells.
Cell viability was assessed after 48 h incubation using the CellTiter 96 ®AQueous One
Solution Cell Proliferation Assay Kit (Promega, Madison, EUA), according to the
manufacturer’s instructions. After cell incubation with FucoPol, the supernatant was
removed and replaced by fresh medium supplemented with 20 % (v/v) MTS solution.
After an incubation period of 45 min at 37 °C, 5% (v/v) CO, and 99% (v/v) relative
humidity, the absorbance at 490 nm was determined using a Tecan Infinite F200

Microplate Reader (Tecan, Médnnedorf, Switzerland). The obtained data was
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normalized relative to control samples to obtain cell viability (%) for each FucoPol

concentration using the following equation:

Absgg9 With cells — Absyqgg without cells

cell viability (%) = x 100 (1)

T Absygq control with cells — Absyqq control without cells

oNOYTULT D WN =

12 2.5.3. Cytotoxicity via trypan blue

14 The cytotoxicity of FucoPol and FucoPol beads was also evaluated on K562 cell line
using the Trypan Blue Exclusion method according to Strobber*?l. Cells were seeded
on a 24-well plate at a density of 2.5x10* cells per well in DMEM-FBS supplemented
21 with increasing concentrations of FucoPol (0-500 ug mL-") or FucoPol beads (3-4

23 beads were used in each well, corresponding to a mass of 40, 150 or 17 mg for the Fe-
25 P, Cu-P or Fe/Cu-P beads, respectively). Control assays were also conducted. After 48
27 h incubation, the cellular suspension was mixed with 0.4 % (w/v) Trypan Blue
(ThermoFisher Scientific) in a 4:1 proportion (cells: trypan blue). The mixture was
loaded on a hemocytometer (Hirschmann, Eberstadt, Germany) and the number of

34 viable cells was counted in an Olympus CXX41 inverted microscope (Tokyo, Japan).

37 3. Results and Discussion

40 3.1. Screening of cations for metal induced gelation of FucoPol

43 As shown in Table 1 and Figure 1, under neutral pH conditions, no gelation of FucoPol was
45 observed, except in the presence of the trivalent cation Fe3'. Under the conditions tested,

47 upon mixing the polymer solution with the FeCl; solution, a strong gel was formed. For all
49 other salts tested, no significant changes in the mixtures were observed (Figure 1, upper
image). However, under alkaline conditions, gel formation was observed in the presence of

54 the divalent cation Cu?* (Figure 1, lower image). No changes were observed in the presence

60 URL: http://mc.manuscriptcentral.com/gpom Email: munmaya@gmail.com
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of the tested monovalent cations (Na* and K*) or the divalent cation Zn?*, while Ca?" lead to
the formation of a white precipitate (Table 1).
Since among the tested salts, FeCl; and CuSOy resulted in the formation of the

strongest gels, these salts were selected to prepare FucoPol gel beads.

3.2. FucoPol gel beads

Given the ability of FucoPol to gel under neutral pH conditions, Fe-P beads were prepared by
dripping the polymer solution into a FeCl; solution. Yellow spherical gel beads with 2.0-3.0
mm diameter were spontaneously formed (Figure 2-A). The beads had an average mass of
7.90+0.002 mg, with a water content of 98.60+0.26wt% (Table 2). Their iron content was
11.54+1.09 pg per bead, thus corresponding to 0.15+0.01wt% of the beads’ mass. Therefore,
the beads’ metal-to-polymer ratio was only 0.12 mgg./mgg,.opo1. The formed structures were
stable, withstanding over 6 months in deionized water at room temperature (25 °C), without
any visible alteration of their shape, size or color.

The Cu-P beads were prepared under alkaline conditions by dripping the polymer
solution containing CuSO, into a NaOH 2 M solution. The beads were also spherical but had
a blue color and were larger than the Fe-P beads, displaying a mean diameter of 3.0-4.0 mm
(Table 2, Figure 2-B). Concomitantly, the beads had a considerably higher mass
(50.59+0.006 mg) than the Fe-P beads and a higher water content (99.84+0.06wt%) (Table
2). The beads had a copper content of 134.50+£29.63 ng per bead, which corresponded to
0.27+0.06wt% of their mass. Comparing to the Fe-P, the Cu-P beads were rather fragile,
swallowing and disintegrating after 24 hours in deionized water at room temperature (25 °C).
This lower stability may be related to the fact that the metal-to-polymer ratio was
considerable higher (1.66 mgc,/mgr,copo1) than that of the Fe-P beads (0.12 mgge/mgrucopor)-

The low polymer content of the beads has resulted probably in a weaker gel network.
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In an attempt to obtain more stable copper containing beads, Cu-P beads were
prepared and placed in a FeCl; solution. This strategy was successful since the resulting
Fe/Cu-P beads were stable for over 15 days in deionized water, at room temperature. These
beads had a dark orange color and were smaller than both the Fe-P and the Cu-P beads, with
a mean diameter of 1.5-2.0 mm (Table 2, Figure 2-C). They had a water content of
99.27+0.47wt%, similar to the Cu-P beads. The Fe/Cu-P beads had iron and copper contents
of 11.84+3.21 and 118.33+£20.54 pg/bead, respectively (Table 2), corresponding to metal-to-
polymer ratios of 0.17 mgg/mgrycopor and 1.75 mgc,/mgrycopol, respectively. These results
suggest that the Fe/Cu-P beads had a core made of Cu-mediated FucoPol gel, surrounded by
an outer shell of Fe-mediated FucoPol gel that eventually stabilized the final Fe/Cu-P beads’

structure.

3.3. FucoPol gel beads characterization

3.3.1. Morphology

The surface morphology of the prepared Fe-P and Fe/Cu-P hydrogel beads was
observed by SEM (Figure 3 and 4). Given the fragility of the Cu-P beads, they
disintegrated upon freezing, rendering their visualization by this technique not possible.
The Fe-P beads had a smooth surface but presented some fractures (Figure 3-A).
Upon magnification of a bead’s smooth surface, a rather homogeneous porous structure was
observed (Figure 3-B). Moreover, different porous structures could be seen upon
magnification of the fractured portions of the beads’ surface (Figure 3-C and D).
The Fe/Cu-P beads presented a much more complex structure, with an almost
spherical internal core surrounded by an outer shell (Figure 4-A and B). The core was
attributed to an internal bead formed by gelation in the presence of copper, while the outer

shell is envisaged to be formed when the Cu-P beads were placed in the FeCl; solution. Upon

10
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magnification, different structures could be observed. The inner core seemed to be more
compact, presenting stretch marks emerging outwards from the center of the bead (Figure 4-
A.1). Upon a closer look (Figure 4-B.1), the structure of the inner core was actually rough
with pores of different shapes and sizes. The outer shell also presented striated and porous
structures (Figure 4-B.1) but was much less compact, as shown by their lacelike structure

(Figure 4-A.2 and B.2).

3.3.2. Fourier-transform infrared spectra analysis

FTIR analysis was carried out to understand the interaction between FucoPol’s
functional groups and the metal cations. As shown in Figure 5, the FTIR spectrum of
Fe-P beads (full red line) mainly shows the bands characteristic of FucoPol (full grey
line)?!! which is in accordance with the low metal-to-polymer ratio of the Fe-P gel
beads (0.10 mgg./mgr.opo1). Nevertheless, it can be seen that the interaction of FucoPol
with iron led to shifts of several absorption peaks, especially those attributed to the
hydroxyl and carboxylate groups. The broad and intense band corresponding to the
stretching frequencies of hydroxyl groups (O—H), observed at 3300 cm! for FucoPol
(Figure 5-full grey line), was shifted to 3275 cm! in the Fe-P spectrum (Figure 5-full
red line). The absorption peaks at 1722 and 1016 cm™! that can be attributed to the C=0
stretching of the carbonyl moieties found in the acyl substituents!?!l and to C—O and C—
C vibrations of the glycosidic bonds and pyranoid ringl*!l, respectively, were shifted to
1720 and 1023 cm!. The C-H stretching peak of CH, groups[*?! appearing at 2925 cm!
was also shifted to a lower wavenumber (2922 cm ). The peak at 1600 cm! and the
absorption region at 1370-1400 cm! that can be attributed to the asymmetric and

symmetric stretching of carboxylates from glucuronic acid(®*'l were also shifted to 1635

11
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cm!and 1380-1418 cm!, respectively. Similarly, the band at 1254 cm'! that may also
be attributed to the C-O-C vibration of acyls!*3! was shifted to 1260 cm™!.

Regarding the Cu-P and Fe/Cu-P beads, although the FTIR spectra shows the same
main peaks (Figure 5-dotted and dashed lines, respectively) displayed by FucoPol, they are
much less intense. This may be related to the high metal-to-polymer ratio of those beads. The
main difference is that the peak appearing at 1722 cm! in FucoPol spectrum was is no longer
observed in neither the Cu-P or the Fe/Cu-P beads spectra, suggesting that the carbonyl
moieties found in the acyl substituents were involved in the interaction between the polymer
chain and the metals. Moreover, two new peaks are observed at 3580 and 680 cm™! in both
copper-containing beads spectra, which may be indicative of the presence of Cu(OH), formed
upon exposure of Cu(Il) to NaOH during the preparation of the beads. The peak at 3580 cm™!
may reflect stretching modes of the hydroxyl groups in Cu(OH),, while the peak at 680 cm’!

might correspond to the C-O stretching vibration of Cu?" in Cu(OH),B4.

3.3.3. Thermogravimetric analysis

The thermal degradation curves of FucoPol and Fe-P beads (Figure 6) presented three
mass loss regions. For FucoPol (full grey line) and the Fe-P beads (full red line), the
first mass loss, of around 15%, was observed within 35-140 °C and 35-150 °C,
respectively, and can be attributed to water evaporation[?*]. The higher temperature
range observed for the Fe-P beads sample suggests that water is bound more strongly in
the beads than in FucoPol. The largest mass loss (around 50%) occurred between 180
and 380 °C and is probably associated with the polysaccharide’s side chains
decomposition[*3]. The third mass loss comprised a gradual weight loss observed above
380 °C that is probably associated with the polysaccharide’ main-chain scission

degradationB3?]. Char yields of 24% and 25% were obtained for FucoPol and the Fe-P

12
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beads, respectively. These results show that the thermal properties of FucoPol were not
significantly altered by the presence of iron in the Fe-P beads.

For the Cu-P and Fe/Cu-P beads (Figure 6, dotted and dashed lines, respectively),
there was a gradual mass loss of around 11% between 35 and 170 °C, associated with water
evaporation. The lower mass loss observed for these beads might be related with the
considerably lower polymer content in the copper-containing beads. The largest mass losses
occurred within 170-430 °C in which around 38% of the samples’ mass was degraded,
resulting in a final char yield of 51-53%. The higher char yield is probably related with the

significantly higher metal content of the Cu-P and Fe/Cu-P beads.

3.4. Metal release from the FucoPol beads

The metal release from the FucoPol gel beads was evaluated in different aqueous solutions
(Table 3) representing some biological contexts of in vitro studies (PBS and DMEM-FBS) or
simulating human body environments after oral ingestion of the beads (SGF, SIF and
physiological serum).

All beads disintegrated in SGF in only a few minutes after exposure to the medium
(Table 3). However, the polymer was not degraded, suggesting the low pH of the medium
(pH 1.2 £ 0.1) may have destabilized the gel structure, leading to bead disaggregation and,
consequently, polymer dissolution. In all the other tested media, the beads kept their integrity,
although in some cases they swelled, and their shape or size were altered.

Regarding the Fe-P beads, there was no significant iron release in water, physiological
serum or DMEM-FBS (Table 3), and the beads remained unchanged during the 24 h of the
assay. However, in PBS solution and SIF, the iron release was 0.18+0.02 and 0.1940.02
mg/L, respectively, that correspond to only 3.7 and 3.9% of the beads’ iron content. The iron

release observed in PBS and SIF may be related to the solutions’ pH that was around 6.8-7.4,

13
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while for deionized water and physiological serum it was 5.5-5.8. Moreover, the higher salts
concentration of PBS and SIF compared to deionized water and the physiological serum may
also have impacted on the release of iron from the beads. The presence of additional cations
(K*, Na*) and anions (PO,*, Cl-) may have interfered on the interaction between the polymer
chain and Fe3".

Considering the Cu-P beads, although their shape was maintained during the assays in
water, physiological serum and PBS, they got progressively swelled over time. The beads
released on average 0.25+0.06 mg L! of copper in deionized water, while 0.08+0.02 mg L
were released in physiological serum and PBS (Table 3). These values represent less than 2%
of the beads’ copper content. In SGF, DMEM-FBS and SIF, on the other hand, there was a
gradual decrease of the beads’ size, being totally disintegrated within a few minutes, 6 min
and 24 min, respectively, thus releasing all their copper content into the media.

As for Fe/Cu-P beads, their shape was maintained during the assays in physiological
serum, DMEM-FBS, PBS and SIF, and only disintegrated in SGF (Table 3). These results
show that the iron-mediated gel layer formed over the copper-containing gel bead conferred
stability to the beads, allowing them to withstand the presence of SIF and DMEM-FBS
without the disintegration observed in those media for the single Cu-P beads. Moreover, there
was no significant iron release from the beads in any of the tested media, while copper
release was below 2% for most media (Table 3). The exception was DMEM-FBS, at 37°C, in
which a copper concentration of 0.98+0.17 mg L! was detected, which corresponds to almost
8% of the beads’ copper content. Since no copper release was noticed in DMEM-FBS at 25
°C, probably the higher temperature (37 °C) partially destabilized the gel structure and led to
copper release in this medium. Indeed, in this assay, the beads appeared to be more

translucent, thus indicating changes on their structure.

3.5. Biological evaluation
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3.5.1. Cytotoxic evaluation of FucoPol

The antiproliferative effect of FucoPol in a colorectal carcinoma cell line, HCT116,
was previously described by Palma et al.[?5]. A reduction of 30% in HCT116 cell
viability was observed after exposure of cells to FucoPol at a concentration of 138
ug/mL for 48 h!?], In this study, FucoPol effect was evaluated in other tumor epithelial
cell lines (including ovarian carcinoma cell line, A2780, lung adenocarcinoma cell line,
A549, breast adenocarcinoma cell line, MCF-7, and in a chronic myelogenous
leukaemia cell line, K562) and in normal human primary dermal fibroblasts, HPDFs.
Cell viability after 48 h of treatment with increasing concentrations of FucoPol
was measured using the MTS assay, where the production of formazan is proportional
to cell viability. No loss of HPDFs, A549, MCF-7, and K562 cell viability for
concentrations of FucoPol up to 500 pg/mL (Figure 7). In contrast, the A2780 tumor
cell line showed to be more sensitive, compared to the other cell lines, with a reduction
of cell viability of 30.5% for a FucoPol concentration of 500 ug/mL (Figure 7-E).
Considering these results and also those reported previously, FucoPol can be

considered a safe polymer for further biological studies.

3.5.2. Cytotoxic evaluation of FucoPol beads

Considering that no loss of viability was observed with FucoPol in K562, this cell line was
chosen for testing the Fe-P, Cu-P and Fe/Cu-P hydrogel beads using the Trypan-blue
exclusion method*%l. For comparison, the viability of free FucoPol was also evaluated in
K562 cell line using the same. In accordance with results obtained in Figure 7-D, no
alterations of viability were observed when K562 cells were exposed to 500 pg/mL FucoPol

(Figure 8).
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As evidenced in Figure 9, the Fe-P beads are not cytotoxic for K562 cells during the
48 h of incubation period since a cell viability of 94.7+£8.3% was obtained. These results
agree with the fact that no iron release was observed from the beads upon exposure to
DMEM-FBS medium at 37 °C (as shown in Table 3). Incubation of K562 cells with the Cu-P
beads resulted in a 55% cell viability decrease (Figure 9), that might be correlated with the
beads’ disintegration with the concomitant release of their copper content. Since no cell
viability loss was observed in the presence of FucoPol (Figure 8), the reduced K562 cell
viability observed (Figure 9) can be attributed to the release of copper to the medium from
the Cu-P beads.

In fact, each bead had a copper content of 134.50+£29.63 ng, thus corresponding
to a concentration of around 201.75+177.78 pg/mL in each well. According to Ruiz et
al.13l exposure to copper concentrations above 100 mM (i.e., 6.35 ug mL") does not
induce K562 cells death but affects cell differentiation and proliferation. In this study,
K562 cells were exposed to a considerably higher copper concentrations that led to the
observed reduction of the cells’ viability (Figure 9).

Concerning the Fe/Cu-P beads, there was a slight decrease in K562 cells viability of
21.4% that might be also correlated with the release of copper from the respective beads.
Although the beads did not disintegrate, they released copper upon cultivation in DMEM-
FBS medium (Table 3), resulting in a copper concentration of approximately 72.7+12.6
pg/mL in each well, which is already cytotoxicl3¢l.

The results presented here show the antiproliferative potential of Cu-P and Fe/Cu-P
beads per se (particularly the first ones) in K562 cells, thus supporting the future
incorporation of Imatinib in those beads towards increasing this antiproliferative effect and

their potential for chronic myeloid leukemia (CML) therapy!*’l. The Fe-P beads, on the other
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hand, posed no cytotoxicity under the conditions tested, which supports their potential use as

drug delivery carriers.

4. Conclusions

This study demonstrates for the first time the potential of the fucose-rich polysaccharide
FucoPol for the development of polymeric structures by its cation-mediated gelation. Iron(III)
and/or copper(Il) were used to obtain FucoPol hydrogels with different valuable properties
that envisage their use in distinct areas. The iron-containing gel beads, given their stability
and non-cytotoxicity, may be used, for example, for the development of drug delivery
carriers, while the copper-containing gel beads may find applicability in CML therapy due to

their antiproliferative action.
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Table 1. Results obtained with the different tested methods (no alteration, (-); formation of a

precipitate, pp; weak gel formation, (+); strong gel formation, (++); not tested, x).

Salt Deionized water NaOH 2 M
NaCl ©) Q)

KCl ¢) Q)

CaCl ) pp

MgSO, Q) ¢)

CuS0O, ) (++)
ZnSO, “) O]

FeCls (++) X
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Table 2. Main characteristics of the metal-FucoPol beads (Fe-P, iron-FucoPol; Cu-P, copper-

FucoPol; Fe/Cu-P, iron- and copper-FucoPol).

Parameter Fe-P Cu-P Fe/Cu-P
Shape Spherical Spherical Spherical
Color Yellow Blue Dark orange
Diameter (mm) 2.0-3.0 3.0-4.0 1.5-2.0
Mass (mg) 7.90+0.002 50.59+0.006 9.28+0.002
Water content (wt%) 98.60+0.26 99.84+0.06 99.27+0.47
Metal content (pg/bead)

Copper --- 134.50+29.63 118.33+£20.54

Iron 11.54+1.09 --- 11.84+3.21
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Table 3. Iron and/or copper release from the Fe-P, Cu-P and Fe/Cu-P beads (Fe-P, iron-

FucoPol; Cu-P, copper-FucoPol;Fe/Cu-P, iron- and copper-FucoPol) in different media, after

24 h (all tests were performed at 25 °C, except in DMEM, for which experiments were

conducted also at 37 °C).

Fe-P beads Cu-P beads Fe/Cu-P beads
Media
[Fe] (mg L) [Cu] (mg L) [Fe] (mg L") [Cu] (mgL™)

Water 0.00+0.00 0.25+0.06 0.01+0.00 0.15+0.03
NaCl 0.9% 0.01£0.00 0.08+0.02 0.00+0.00 0.12+0.02
PBS 0.18+0.02 0.08+0.02 0.01+0.00 0.12+0.02
SGF * * * *
SIF 0.19+0.02 * 0.00£0.00 0.03+£0.00
DMEM-FBS

25°C 0.00+0.00 * 0.00+0.00 0.02+0.00

37°C 0.00+0.00 * 0.00+0.00 0.98+0.17

* beads disintegration
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Figure captions

Figure 1. Original FucoPol solution and the results of the tests made to assess gel formation
with different salts, under neutral conditions (upper image) or alkaline conditions (lower

image).

Figure 2. FucoPol hydrogel beads: (A) Fe-P beads; (B) Cu-P beads; (C) Fe/Cu-P beads.
Figure 3. SEM images of hydrated Fe-P beads at a temperature of -4 °C.

Figure 4. SEM images of hydrated Fe/Cu-P beads at a temperature of -4 °C.

Figure 5. FTIR spectra of FucoPol (full grey line) and dried FucoPol gel beads: Fe-P (full red
line), Cu-P (dotted line), Fe/Cu-P (dashed line).

Figure 6. Thermogravimetric analysis of FucoPol (full grey line) and dried FucoPol gel

beads: Fe-P (full red line), Cu-P (dotted line), Fe/Cu-P (dashed line)

Figure 7. Cytotoxicity of FucoPol in normal human dermal fibroblasts (A), breast
adenocarcinoma cell line MCF-7 (B), lung adenocarcinoma cell line A549 (C), Chronic
myelogeneous leukemia cell line K562 (D) and ovarian carcinoma cell line A2780 (E). Cells
were treated with increasing concentrations of polymer for 48 h and cell viability was
determined by the MTS assay. Data was normalized against the control (cells grown without

polymer) and expressed as average = standard error mean of three independent assays.

Figure 8. Viability accessed using Trypan Blue exclusion method of K562 cells treated with
FucoPol. Cells were treated with increasing concentrations of polymer for 48 h and cell
viability was determined. Data was normalized against the control (cells grown without

polymer) and expressed as average + standard error mean of three independent assays.

Figure 9. Viability of K562 cells in the presence of 150 mg Fe-P (black bars), Cu-P (white
bar) and Fe/Cu-P (grey bar) beads after 48 hours incubation. Viability was accessed using the
Trypan Blue exclusion method, normalized to the control (cells grown in non-supplemented

medium) and represented as the average + SEM of three independent assays.
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