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We investigated the efficacy of three-dimensional porous ferric-ion-cross-linked alginate (Fe-alginate) gels as cell scaffolds,
in comparison with calcium-ion-cross-linked alginate (Ca-alginate) gels. In a previous study, we had demonstrated that two-
dimensional Fe-alginate filmwas an efficient material for use as a scaffold, allowing good cell adhesion and proliferation, unlike Ca-
alginate film. In the present study, we fabricated three-dimensional porous Fe- and Ca-alginate gels by freeze-drying and evaluated
their effects on cultured cells. The Fe-alginate gels showed higher protein adsorption ability than Ca-alginate gels. Cells formed
multicellular spheroids in both types of alginate scaffold, but the number of cultured cells increased with culture time on Fe-
alginate porous gels, whereas those on Ca-alginate gels did not. Moreover, it was revealed that the cells on Fe-alginate scaffolds
were still viable inside the multicellular spheroids even after cultivation for 14 days. These results suggest that Fe-alginate provides
a superior porous scaffold suitable for three-dimensional culture of cells. Our findings may be useful for extending the application
of Fe-alginate to diverse biomedical fields.

1. Introduction

For both research and therapeutic applications, fabrication
of effective cell culture substrates is desirable. A suitable
three-dimensional environment for cells is considered to
be an important factor for in vitro cell cultivation, since
cells within living organisms exist under such conditions.
Two-dimensional cell culture is frequently used because it is
convenient and manageable for the maintenance of cells and
also for biological research. However, it has been reported
that various cells lose their functions when cultured as a
monolayer under two-dimensional conditions [1–5]. Thus,
two-dimensional culture is considered to be an unnatural
condition for many cell types. In order to overcome the
shortcomings of two-dimensional culture, three-dimensional
culture systems, such asmulticellular spheroids, cellular mul-
tilayers, andmatrix-embedded culture, have beendevised [6].
Therefore, studies focusing on the optimal three-dimensional
culture environment for cells have important implications.

In a previous study, we produced two-dimensional ferric-
ion-cross-linked alginate (Fe-alginate) films and demon-
strated that they supported good cell adhesion and pro-
liferation [7]. Alginates are composed of 1,4-linked 𝛽-D-
mannuronic acid (M) and 𝛼-L-guluronic acid (G) residues,
forming gels with certain multivalent metal ions [8, 9]. By
exploiting these characteristics, alginates can be shaped into
various configurations and applied in a range of biomedical
fields. Calcium-ion-cross-linked alginate (Ca-alginate) is the
most frequently used ionically cross-linked alginate. How-
ever, it exhibits poor protein adsorptive capacity and thus has
a low affinity for cells [10, 11]. In contrast, we have found that
Fe-alginate films have superior protein adsorption ability and
act as an effective cell culture substrate [7]. However, the cell
culture properties of Fe-alginate with a three-dimensional
morphology have not been investigated.

The aim of this study was to clarify the effectiveness
of Fe-alginate gels to provide a three-dimensional culture
environment for cell growth.We prepared three-dimensional
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porous Fe- and Ca-alginate gels using a freeze-drying tech-
nique. From observations of the behavior of seeded cells,
we evaluated the efficiency of porous Fe-alginate gels as a
cell scaffold using 3T3-L1 cells as a model. Here we describe
the favorable cell proliferation that was observed on the
three-dimensional Fe-alginate gels, in contrast to that on Ca-
alginate gels, and the suitability of Fe-alginates, not only as
two-dimensional films but also three-dimensional gels, as
scaffolds for cell culture.

2. Materials and Methods

2.1. Materials. A high G-content alginate (I-1G) was pur-
chased from KIMICA Corporation (Tokyo, Japan). Eagle’s
minimum essential medium (E-MEM) and Hanks’ solution
were obtained from Nissui Pharmaceutical (Tokyo, Japan),
fetal bovine serum (FBS) was obtained from Invitrogen
(Carlsbad, CA, USA), and trypsin was obtained from Becton
Dickinson (Sparks, MD, USA). All other chemicals were
purchased fromWako Pure Chemical Co. (Tokyo, Japan).

2.2. Preparation of Three-Dimensional Porous Alginate Scaf-
folds. Three-dimensional porous alginate gels were fabri-
cated by freeze-drying. One milliliter of 2% (w/v) alginate
solution was poured into the wells of 24-well tissue culture
plates, and 1mL of 20mM FeCl

3
or CaCl

2
was added to each

well to induce cross-linkage of the alginate while stirring
vigorously using a homogenizer at 25∘C. The final concen-
trations of polymer and cross-linking agents in cross-linked
solutions were 1% and 10mM, respectively. The resulting gels
were frozen at −20∘C for 24 h and then at −80∘C for 24 h.
The frozen gels were lyophilized and sterilized by exposure
to ultraviolet (UV) light for 1 h. Before seeding of cells on
the gels, the gels were stabilized by immersion in E-MEM at
37∘C under a 5% CO

2
atmosphere for 72 h, and the medium

was replaced every 24 h. The structures of the scaffolds were
observed using a scanning electron microscope (SEM) (VE-
9800, KEYENCE, Osaka, Japan), after being sputter-coated
with gold.

2.3. Analysis of Protein Adsorption Ability of Alginate Gels.
Alginate gels, prepared as described above, were immersed
in 0.2% FBS in PBS or PBS (2mL/well) in a 24-well tissue
culture plate at 37∘C for 2 h. After incubation, the protein
concentrations of the solutions were determined using a
bicinchoninic acid (BCA) protein assay reagent kit (Thermo
Fisher Scientific Pierce Biotechnology, IL, USA) in accor-
dance with the manufacturer’s instructions. Alginate gels,
immersed in PBS, were used as controls. The amount of
adsorbed protein was calculated from the differences in
the protein concentrations of 0.2% FBS before and after
immersion of the alginate gels. The eventual results were
expressed as the adsorbedweight per 1mg of alginate scaffold,
which was calculated from the gel dry weight.

2.4. Cell Culture. 3T3-L1 cells were cultured in E-MEM with
10% (v/v) FBS at 37∘C under a 5% CO

2
atmosphere. To

detach the cells by trypsinization, they were incubated with

0.25% (w/v) trypsin and 0.02% (w/v) EDTA in Ca2+-, Mg2+-
free phosphate-buffered saline (PBS) at 37∘C for 10min. E-
MEM containing 10% (v/v) FBS was subsequently added
to terminate the enzyme reaction. The cell suspension was
centrifuged at 1000×g for 5min and resuspended in E-MEM
containing 10% (v/v) FBS. The cells were counted with a
Coulter Counter (Beckman Coulter Corporation, FL, USA)
and seeded onto alginate gels in 24-well tissue culture plates
at a density of 10 × 104 cells/well in 20𝜇L of culture medium.
Samples were incubated at 37∘C under a 5%CO

2
atmosphere,

and 1mL of culture medium was added to each well at 2 h
after cell seeding. The medium was replaced every day. After
1, 7, and 14 days, cell counting was performed to quantify the
degree of cell proliferation. To count the attached cells, each
film was transferred to another plate and washed with PBS.
Then 1mL of 200mM sodium citrate in Hanks’ solution was
added to dissolve the gels at 37∘C for 2 h. After incubations,
the cells were disassembled by trypsinization at 37∘C for
10min. The number of cells in the suspensions was counted
with a Coulter Counter.

2.5. Observation of Cell Morphology on Alginate Gels. The
morphology of the cells cultured on the alginate scaffolds was
observed using SEM.The cells cultured on the scaffolds were
washed twice in PBS and then fixed in 2.5% glutaraldehyde
in PBS for 2 h at 4∘C. After being washed in PBS, the cells
were dehydrated with 50%, 70%, 90%, and 99.5% ethanol
for 20min at each concentration. After being dehydrated,
the alginate scaffolds were placed in tert-butyl alcohol and
freeze-dried. The alginate scaffolds were then gold-coated
and examined by SEM.

2.6. Measurement of Cell Viability on Fe-Alginate Gels. Cell
viability was assessed using a dye solution capable of staining
live cells. After 14 days of cultivation, cells in the Fe-alginate
scaffolds were washed in E-MEM, and 5 𝜇L of Vybrant
Dio Cell-Labeling Solution (Life Technologies Corporation,
CA, USA) was added with 1mL of E-MEM to stain the
live cells. After incubation for 30min at 37∘C under a 5%
CO
2
atmosphere, the cells with the Fe-alginate scaffold were

washed three times in E-MEM. The stained cells on the
scaffold were observed using a confocal microscope (FV1000,
Olympus, Tokyo, Japan).

2.7. Statistics. Statistical analysis was performed using Kalei-
daGraph version 4.0 software. The data were subjected to
analysis of variance (ANOVA). Scheffe’s test was used for post
hoc evaluation of differences between the respective groups.
For all statistical evaluations, significance was assigned at 𝑃 <
0.05.

3. Results

3.1. Properties of the Porous Alginate Gels. Themorphology of
scaffolds, fabricated by freeze-drying, was observed by SEM
(Figure 1). Both scaffolds, Fe- and Ca-alginate, exhibited a
similar highly porous structure with interconnecting pores.
The protein adsorption ability of the Fe- and Ca-alginate



ISRN Biomaterials 3

(a)

(b)

Figure 1: SEMmicrographs of Fe- (a) and Ca- (b) alginate scaffolds.
Bar equals 500 𝜇m.
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Figure 2: Protein adsorption on Fe- and Ca-alginate gels. The
amount of total adsorbed serum proteins was quantified using
a BCA protein assay kit. The amount of adsorbed protein was
indicated as the weight of adsorbed protein per 1mg of alginate gel.
Error bars indicate standard deviation for 𝑛 = 6. ∗𝑃 < 0.05.

porous gels was then investigated. The amounts of adsorbed
serum proteins were about 2-fold higher on Fe-alginate gel
surfaces than on Ca-alginate gels (Figure 2).

3.2. Cell Growth on the Porous Alginate Scaffolds. The suit-
ability of three-dimensional porous alginate gels as cell
scaffolds was evaluated by cultivation of 3T3-L1 cells on the
respective gels. To investigate cell proliferation on the Fe-
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Figure 3: Proliferation of cells on alginate scaffolds. Cells were
seeded onto Fe- and Ca-alginate gels, and the numbers of attached
cells were counted at 1, 7, and 14 days after the start of culture.
The relative cell number was calculated from comparison with the
number of cells at 1 day of cultivation on Fe-alginate gels. Error bars
indicate standard deviation for 𝑛 = 3. ∗𝑃 < 0.05.

and Ca-alginate scaffolds, the number of cells on the gels was
counted after incubation for 1, 7, and 14 days. The number of
cells attached to the Fe-alginate gels increased as the culture
period progressed, whereas almost no cell growthwas evident
on the Ca-alginate gels. From days 1 to 14, the number of
attached cells on the Fe-alginate gels increased about 3.5-fold
(Figure 3).

3.3. Cell Morphology and Viability on the Porous Alginate
Scaffolds. The morphology of cells cultured on the alginate
scaffolds was observed by SEM (Figure 4). Cell morphology
analysis demonstrated that the cells formed multicellular
spheroids on both types of alginate scaffold. It was also
observed that the size of the spheroids on Fe-alginate gels
increased as the culture period progressed, suggesting good
cell proliferation. Observation of living cells indicated that
multicellular spheroids were widely distributed on the scaf-
folds (Figure 5(a)) and that cells present inside the spheroids
were viable even after cultivation for 14 days (Figure 5(b)).

4. Discussion

The present study revealed that three-dimensional porous
Fe-alginate was a suitable material for supporting good cell
growth. In a previous study, we had demonstrated that
two-dimensional Fe-alginate films were a superior culture
substrate for cells. Ca-alginate is the most frequently used
material among various ionically cross-linked alginates but is
unsuitable for use as a cell scaffold.Therefore, it is considered
that clarification of the functional properties of Fe-alginate
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Figure 4: SEM micrographs of cells seeded onto Fe- ((a), (b)) and Ca- ((c), (d)) alginate scaffolds. Cells were cultured on each type of gels,
and observed after 1 day ((a), (c)) and 14 days ((b), (d)) of culture. Bar equals 10𝜇m.

(a) (b)

Figure 5: Fluorescence micrographs of cells on Fe-alginate scaffolds. The viable cells were stained and observed after 14 days of culture. Bar
equals 1000 𝜇m (a) or 100 𝜇m (b).

as a cell scaffold in various configurations might extend the
range of its potential applications.

On the Fe-alginate scaffold, cells formed multicellular
spheroids (Figures 4(a) and 4(b)). Cells forming spheroids
are known to be able to maintain their specific functions
exhibited in vivo [1, 4, 5, 12–16]. It has been reported that
cells such as hepatocytes or chondrocytes lose their function
under monolayer culture conditions [1–3]. In the case of
cancer cells, their behavior is similar to that in vivo when
cultured asmulticellular spheroids, unlike the situation under
two-dimensional conditions [4, 5, 12–15]. These findings
suggest that culture environments allowing cells to grow as
spheroids would be very useful for many applications in a
range of biomedical fields. Accordingly, the present study was

performed to clarify the possibility of applying Fe-alginate for
this purpose.

Many studies have reported methods for culture of cell
spheroids focusing on the interactions between cells and
culture substrates. Two types of surface properties of the
culture substratum are known to affect the development of
cell spheroids, one being unfavorable and the other partially
favorable for cell adhesion. On surfaces unsuitable for cell
adhesion, cells aggregate into spheroids because they show
only minimal adhesion to the substratum surface [16–18].
However, under such conditions, cells are unable to show
anchorage-dependent growth [17, 18].Therefore, when a non-
adhesive culture substratum is used, the size of multicellular
spheroids is dependent on the number of seeded cells [18].
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In contrast, surfaces that allow partial or weak cell adhesion
can also be used for multicellular spheroid cultivation. It
has been reported that cells are able to proliferate when
a proportion of the cells forming spheroids interact with
the culture substrate [19]. Under such conditions, which
allow cells to adhere to the material surface, small spheroids
can grow into large ones [19]. It has been reported that
integrin-mediated adhesion prompts cell growth [20] and
that spheroid-forming ability is disturbed by inhibition of 𝛽1
integrin function [21]. These findings suggest that integrin-
mediated interactions between cells and the scaffold play a
critical role in the growth of multicellular spheroids.

In the present study, cell growth was observed only on
Fe-alginate scaffolds (Figure 3), although cells formed mul-
ticellular spheroids on both Fe- and Ca-alginate scaffolds
(Figure 4). This suggested that cells seeded onto Fe-alginate
interacted with the scaffold via integrin, unlike the situation
on Ca-alginate. When cells attach to surfaces, they initially
respond to the adsorbed extracellular proteins that are
present there and adhere to them via integrin [22]. We found
that Fe-alginate exhibited higher protein adsorptive ability
than Ca-alginate (Figure 2). In our previous study, we had
observed a similar phenomenon in two-dimensional alginate
gels, and the adsorption of protein onto the surface of Fe-
alginate is considered to be a critical factor determining its
suitability as a culture substrate for cells [7]. Ca-alginate is
known to be highly hydrophilic, and such polymers are not
very efficient in adsorbing protein [16]. Modification of Ca-
alginate with cell-adhesion peptides (i.e., RGD) is required
in order to allow it to act as a scaffold for cell growth [23]. A
previous study has revealed that Fe-alginate films have higher
surface hydrophobicity than Ca-alginate films [7]. In three-
dimensional porous gels, as is the case for two-dimensional
conditions, such differences in gel properties between Fe- and
Ca-alginate might alter their capacity for adsorbing proteins,
thus determining their suitability as scaffolds. It is considered
that Fe-alginate could support the formation of spheroids
by providing both a protein-adsorbed surface and a three-
dimensional environment for cells.

Our observations of stained living cells revealed that
they were distributed throughout the Fe-alginate gels and
remained viable within multicellular spheroids even after
cultivation for 14 days (Figure 5). Moreover, we succeeded
in harvesting living multicellular spheroids cultured on a Fe-
alginate scaffold by dissolving the scaffold with deferoxamine
mesylate, a ferric ion-specific chelator (data not shown).
Retrieving living spheroids is beneficial for biochemical
analysis of cells after cultivation, and the harvested spheroids
can be used as components for fabrication of tissue-like
structures in the field of regenerativemedicine.Therefore, Fe-
alginate scaffolds are considered to be promisingmaterials for
cytological and tissue engineering.

5. Conclusions

In this study, we have evaluated for the first time the functions
of three-dimensional porous Fe-alginate as a scaffold for cell
culture. Fe-alginate gel was considered to be an effective

material for three-dimensional cell cultivation, as it exhibited
higher protein adsorptive ability and supported good cell
growth, unlike Ca-alginate. Moreover, it was revealed that
the cells on Fe-alginate scaffolds remained viable withinmul-
ticellular spheroids even after cultivation for 14 days. These
results suggest that three-dimensional porous Fe-alginate
gels would be useful in various biomedical fields, including
cellular research, drug development, and tissue engineering.
Further investigations of the physiological functions of cells
on Fe-alginate will be needed in order to better characterize
the scaffold afforded by Fe-alginate gels.
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