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Alginate microfibers were fabricated by self assembly of alginate monomers exuded from alginate beads (~ 2 mm
in diameter) containing calcium phosphate. Upon incubation of the beads in cell culture medium at 37 °C for a few days,
fibers with a diameter of about 7 um started to sprout from the bead surface, and these grew up to about 10 mm in length,
resulting in the beads being covered with fiber forests similar to chestnut bur. The combined system of the alginate-
based microfiber forest and bead is considered to be useful as a novel 3-dimensional scaffold for cell culture and tisssue

growth.
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Introduction

The development of scaffolds to modulate 3-dimensional
(3D) cell behaviors including adhesion, proliferation, migration
and differentiation is a key aspect of tissue engineering appro-
ach.' A range of polymeric materials, which are degradable in
human body, have been engineered with different forms such
as porous foams, fibrous scaffolds, and particulates, to find pro-
per usage as 3D cell and tissue scaffolds.’ Alginate is a naturally
derived polysaccharide that has many attractive properties in-
cluding low cytotoxicity and biodegradability. Indeed, poly-
saccharide chains can be cross-linked by molecular self-assem-
bly via ionic or hydrogen bonds to form hydrogels with 3D
network structures that hold a large amount of water.”* Accord-
ingly, alginate hydrogels have been extensively used for many
biomedical purposes, including cell culturing and drug deli-
velry.s'7 Various forms of alginate such as porous matrix, micro-
sphere and fiber have also been developed for tissue repair.g’9
In particular, alginate fibers have been produced generally by
spinning methods, such as melt-spinning, wet-spinning and elec-
tro—spinning:{.lo'12

Herein, we report a novel generation of alginate fiber, illust-
rating a phenomenon where the alginate fibers were exuded
from alginate beads containing calcium phosphate within an
environment of culture medium."”"* The generated alginate
fibrous forest upon the sphere bead is considered to be a useful
3D matrix for in situ culturing of tissue cells and further tissue
engineering.

Experimental Section

Reagents and Analyses. Sodium alginate with a high content
of guluronic acid (molar ratio of mannuronic acid to guluronic
acid of 0.65) and a molecular weight of 70,000 Da were pur-
chased from Sigma (St. Louis, MO). a-Tricalcium phosphate
(a-TCP, Ca3(POs4),, < 5 um in diameter) was obtained after ther-
mal treatment of CaCOj; with dicalcium phosphate anhydrous

at 1400 °C followed by rapid cooling to room temperature. Hy-
droxyapatite (HA, Caio(PO4)s(OH),) powder was purchased
from Alfa Aesar. Alpha modified eagle’s medium (Alpha MEM,
cat. No LM 008-53), fetal bovine serum (FBS), and antibiotic
penicillin/streptomycin were purchased from Wel GENE. Dul-
becco's phosphate-buffered saline (DPBS, cat. No Cat. LB 001-
02) was purchased from Wel GENE. Scanning electron micro-
scopy (SEM) was conducted using a JSM7000F (JEOL, Tokyo,
Japan) microscope.

Production of Alg-CaP Beads and Microfibers. An aqueous
solution containing 2% (w/v) sodium alginate and 10% (w/v)
calcium phosphate (CaP = 98% a-TCP and 2% HA) was dropp-
ed through a syringe needle (0.4 mm in internal diameter) into
10 mM calcium chloride solution. The calcium chloride solution
was then stirred for 30 min, which resulted in the beads being
externally gelled in a spherical form. The resultant beads were
then washed with PBS to remove the excess CaCl,. The as-
prepared Alg-CaP beads were then placed in a cell culture me-
dium (DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin) and incubated at 37 °C for several days to induce
the formation of alginate microfibers over the beads.

Results and Discussion

Figure 1 schematically shows the mechanism of the alginate
microfiber formation from the Alg-CaP beads. When the Alg-
CaP drop is in contact with the CaCl, solution, the surface of
the bead becomes hardened, forming a thin skin gel layer. The
beads were taken out and then incubated in a cell culture me-
dium. During incubation of the Alg-CaP beads in the culture
medium at 37 °C for about 5 h, fibers began to sprout out the
surface. These fibers eventually grew up to about 10 mm in
length and about 7 um in diameter, resulting in the bead surface
being completely covered with microfibrous forest after a few
days.

The generation of the alginate fiber was monitored through
the incubation periods up to 5 days (Figure 2a). The 3D mor-
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Figure 1. Schematic demonstration of the formation of alginate micro-
fibers from the Alg-CaP bead.

Figure 2. a) Photos of the alginate fibers formed from Alg-CaP beads
containing 10% CaP after different incubation times (0, 3 and 5 days)
and b) SEM images of the alginate fibers.

Figure 3. SEM images of beads, the surface morphologies and their
cross sections after freeze drying: a) Alg bead, b) Alg-CaP bead con-
taining 1% (w/v) CaP and c) Alg-CaP bead containing 10% (w/v) CaP.

phologies of the fibers and the beads were examined by SEM
after freeze drying the samples (Figure 2). At the fifth day, a
large number of fibers upon a bead were well observed which
is similar to a chestnut bur. The microfibers had a tubular struc-
ture with a thickness of about 7 um. It appeared that the fibers
originated from some voids or cracks which are present on the

Jeong-Hui Park et al.

Figure 4. SEM image of the tubular fibers.

bead surface. The fully grown fibers were shown to degrade
after about 10 days.

To examine how the hydrogel fibers grew from the Alg-CaP
beads, the as-prepared beads with and without CaP, Alg-CaP
and Alg beads, were freeze-dried and then subjected to SEM
to observe the surface and inside morphologies (Figure 3).
Normally, calcium cross-linked alginate has hydrogel charac-
teristic where the alginate monomers were 3-dimensionally net-
worked by ionic bonds with calcium ions, containing a large
amount of water. After freeze-drying the highly porous struc-
ture of inner part illustrates the hydrogel characteristic of the
Alg bead (Figure 3a). However, the surface was highly dense,
which was attributed to the cross-linking within CaCl, solution.

When small amount of CaP (1%) was added, the inner porous
and outer dense morphology was similar to that observed in
pure alginate bead (Figure 3b). Interestingly however when the
amount of CaP increased to 10%, many voids/micropores were
noticed on the surface, being in sharp contrast to the case of pure
alginate bead (Figure 3c). The pore sizes were shown to be a
few to ten micrometers. Moreover, the inner pore sizes appear-
ed to be reduced a lot: from sparse macropores in pure alginate
to numerous micropores in Alg-CaP containing 10% (w/v) CaP.
This microporous inner structure should be created through
the interactions of alginate molecules with the CaP added.

Next, we addressed the mechanism by which the hydrogel
fibers sprouted and grew from the bead surface during incuba-
tion in a cell culture medium. The alginate solution present at
the internal part of the beads, which is loosely cross-linked,
should initially come out through the voids of the bead surface.
The exuding alginate should be in contact with the surrounding
medium (cell culture medium, which containing 1.82 mM of
Ca as well), with its contact surface being hardened, and at the
same time, the continual release of alginate and further surface
hardening results in tubular fibrous morphology, as shown in
Figure 4. Although there may be other factors to address fully
the mechanism suggested herein, the formation of the alginate
fibrous forest on the bead in this specified system, i. ., alginate
containing CaP bead incubated in the Ca-containing medium.
Moreover, the fibrous beads can be potentially useful for in
situ culturing of cells, as they will provide a 3D fibrous matrix
for cells to migrate and populate. The biocompatibility assess-
ment using tissue cells is currently underway.
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Conclusion

A novel alginate microfiber system produced on a bead was
reported. When the alginate-10% CaP composite beads which
was hardened within a CaCl, were incubated in a cell culture
medium, alginate began to sprout out to form a long tubular
structure with diameter of ~ 7 um and a length of ~ 10 mm. The
resultant fiber forest on a bead, with morphological similarity
to a chestnut bur, may be useful as an in situ cell culturing scaf-
fold for tissue regeneration area.
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