
INTRODUCTION

Recent progress in tissue engineering and regenerative medi-
cine has enabled generation of diverse bioengineered tissue sub-
stitutes for replacement or improvement of tissues or organs [1]. 
Scaffold design and fabrication are prior to tissue regeneration 
and biomaterial applications [2,3]. Since engineering of tissue or 
organ substitutes preferentially requires the extracellular ma-
trix (ECM) that can closely mimic in vivo environment for cell-
biomaterial interactions and cell adhesion, ECM-like scaffold 
materials have been developed, including alginate, collagen, 
chitosan, gelatin, silk, synthetic polymers, etc. [4-9] 

Alginate is one of the best ECM candidate biomaterials, for 
it is nontoxic, biodegradable, and easily available from natural 
sources. This has been widely useful in the food, cosmetics, and 
pharmaceutical industries due to its outstanding chemical and 
physical properties. Moreover, alginate has recently been used 

in regeneration of skin, cartilage, bone, liver, and islet [9-13]. 
The rapid gelling properties of alginate enable the simple and 
cost-effective production of microstructures with spherical, fi-
brous, or tubular shapes using microfluidic devices. These struc-
tures may be effectively used to form three-dimensional (3D) 
scaffolds that may play a critical role in cell adhesion, cell growth, 
and new tissue formation [4,5]. Fibrous 3D scaffolds can mod-
ulate porosity and microtopology of a scaffold, permitting easy 
transport of nutrients, gases, and wastes, and also guide the di-
rection and growth of cells. 

Although fibrous alginate scaffolds take some advantages, it 
has proven to be difficult to modulate their degradation prop-
erties, thereby it is posing a critical barrier to the extensive ap-
plication of alginates. The degradability of alginate has been 
regulated by a variety of methods, including photocrosslink-
ing, intermolecular covalent crosslinking with glutaraldehyde, 
or blends of alginate with synthetic polymers such as poly (lac-
tide-co-glycolide) (PLGA) [5,14-16]. Photocrosslinking reac-
tions typically involve the use of a light sensitizer or the release 
of an acid, which may be harmful to the body or cells and also 
exposure to ultraviolet light can damage encapsulated cells 
[17]. Calcium sulfate (CaSO4) has been used as an ionic cross-
linker to extend the degradation time; however, the gelation 
kinetics associated with CaSO4 are difficult to control, and the 
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resulting structures are not uniform [4]. The controllable deg-
radation of ionic crosslinked alginate scaffolds under in vivo 
conditions would greatly assist the development of alginate 
scaffold applications [18]. The degradation rate of alginate gels 
strongly depend on the degree of oxidation, pH, and the tem-
perature [19].

In this paper, we described a simple and easy method for 
regulating the degradation profiles of the alginate microfibers. 
Since microfluidic spinning techniques enable the ready mod-
ulation of the physiochemical properties of a microfiber, a mi-
crofluidic chip was used to generate micro-engineered hydro-
gels [7,20-22]. In our system, the alginate chains were packed 
in the fiber through a low-polarity sheath flow, as isopropyl al-
cohol (IPA) was used to maximize the packing density of this 
polymer [23,24] and the degree of crosslinking with calcium 
ions was increased by extending curing time of the alginate fi-
bers in an ionic crosslinking solution. We hypothesized that 
aligned dense packing of alginate chains in the microfibers and a 
high degree of crosslinking of alginate with Ca2+ ions could slow 
down the degradation rates of alginate fibers and provide a 
means for controlling the degradation of the alginate scaffolds. 
To ensure the maintained scaffold’s structure on cell culturing 
period, a myoblast cell line cultured on these alginate fibers 
enhanced cell proliferation.

MATERIALS AND METHODS

Fabrication process of the fibers by microfluidic 
spinning

Microfluidic chips were fabricated using an SU-8 (Micro-
Chem, Westborough, MA, USA) photoresist-patterned silicon 
wafer as a mold. The polydimethylsiloxane (PDMS) pre-poly-
mer and cross-linker (Sylgard 184, Dow Corning, Midland, 
MI, USA) were mixed in a 10:1 ratio, poured onto the mold, 
and cured at 80°C for 2 hours. The PDMS substrates were then 
bonded together using oxygen plasma treatment. The pre-
pared devices were heated in an oven at 80°C for 1 day to re-
cover the hydrophobic surface properties [25,26]. The effects of 
the calcium chloride (CaCl2, Sigma, St. Louis, MO, USA) con-
centration and IPA (Sigma, St. Louis, MO, USA) sheath flow on 
the degradation were investigated by fabricating under the four 
conditions: two different sheath solutions with 3% w/v CaCl2 in 
distilled water (DW) or IPA and two different curing times for 
1 hr or 12 hrs. A schematic diagram of the alginate fiber gen-
eration process is illustrated in Figure 1.

Characterization of the alginate fibers
For characterization of the surface properties of each alginate 

fiber, attenuated total reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy was performed, equipped with a 
Universal ATR diamond accessory of Perkin Elmer Spectrum 
100 (PerkinElmer, Waltham, MA, USA). Transmission and 
ATR spectra were recorded with 10 scans at a resolution of 4 cm-1 
between 4000 and 800 cm-1.

In order to investigate the crystallinity of each fiber structure, 
X-ray diffraction (XRD) measurements were performed on a 
D/max-2500 X-ray diffractometer (Rigaku, Tokyo, Japan) 
equipped with a Cu kα source. The one-dimensional XRD pat-
terns with the intensity curves and a function of 2θ, the scat-
tering angle, were obtained from integration of the two-dimen-
sional scattering patterns of each sample.

Inductively coupled plasma-optical emission spectroscopy 
(ICP-OES; PerkinElmer, Waltham, MA, USA) analysis revealed 
the amount of Ca2+ ions involved in cross-linking the fibers. 
The degree of crosslinking for the fibers prepared with a 1 h cur-
ing time was compared to that obtained after a 12 hrs curing 
time. Each fiber sample was washed thoroughly with water and 
ethanol and then dried for 1 day at room temperature (RT). An 
equal mass (0.8 g) of each sample was used in the subsequent 
analysis.

 
Analysis of the degradation rate

To investigate the degradation rates, each alginate fiber gener-
ated from each condition was soaked with 5 mL of culture me-
dia containing Dulbecco’s modified Eagle’s medium (DMEM), 
10% fatal bovine serum and 1% penicillin/streptomycin (Life 
Technologies, Carlsbad, CA, USA) in a 6 well plate and then 
incubated in a humidified incubator at 37°C with 5% CO2. At 
the end points of fixed time, the remained fiber samples were 
replaced from the culture media, washed thoroughly with DW, 
and dried at RT overnight in a laminar flow hood, followed by 
measuring the weights of the degraded or swollen scaffolds in 
use of a precision weighing balance (Mettler Toledo, Colum-
bus, OH, USA). The degradation rates were assessed by calcu-
lating the weight loss (%) and the swelling ratio (%). 

Weight loss was defined using the following expression: 
Weight loss (%) = [(Wi-Wd)/Wi]×100,

where Wi=initial weight and Wd=weight after degradation. 
Here, Wi and Wd are the weights of the fibers before and after 
degradation, respectively.

The dried alginate fibers were immersed into the culture me-
dium at 37°C. The weights of the swollen samples were mea-
sured after the excess surface solution had been removed on a 
filter paper. The swelling ratio was calculated using the follow-
ing expression: 

Swelling ratio (%)=[(Wt-W0)/W0]×100,
where Wt=weight of the swollen fibrous scaffold and W0=weight 
of the dried fibrous scaffold after incubation for a period of time. 
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Observations of the morphologic changes
The effects of dehydration by IPA were examinated by ob-

serving the morphologic changes on the fiber surfaces using 
scanning electron microscopy (SEM, JEOL JSM-5600LV, To-
kyo, Japan). After the samples were dehydrated using graded 
ethanol series from 25%, 50%, 75%, 95% to 100%, the fibers 
were dried at RT overnight. The samples were mounted on a 
specimen stub using carbon paste, coated with palladium al-
loy, and observed at an acceleration of 10 kV.

 
Assays of cell proliferation and cell viability

The functionality of the alginate fibers as scaffolds was in-
vestigated using a mouse myoblast cell line, C2C12 (American 
Type Culture Collection, Manassas, VA, USA). The cells were 
cultured in culture media in a humidified 5% CO2 environ-
ment at 37°C and maintained in subconfluent state prior to 

the experiments. The media was changed to prevent myoblast 
differentiation. For initial adhesion and proliferation experi-
ments, the cells were seeded at about 5×104 cells/200 μL onto 
the alginate fibrous scaffolds, which had been coated with type 
I collagen (Sigma-Aldrich, St. Louis, MO, USA). 

Cell proliferation was measured on day 0, 1, 3, 5, and 7 using 
the cell counting kit-8 (CCK-8; Dojindo Molecular Technolo-
gies, Kumamoto, Japan) according to the manufacturer’s instruc-
tions. The absorbance of each sample was read at 450 nm using 
a microplate reader (SpectraMax M2, Molecular Devices, Sunny-
vale, CA, USA). The viability of cells was also evaluated by in-
cubating cells using Live/Dead assay reagents (50 mM calcein-
AM and 25 mg/mL ethidium homodimer-1; Invitrogen, Car-
lsbad, CA, USA) in culture medium for 40 min at 37°C. The 
labeled cells were subsequently observed and the images were 
acquired by a confocal microscopy (Olympus, Tokyo, Japan).

Figure 1. Schematic diagram of the microfluidic system for alginate fiber fabrication. (A) Illustration of a PDMS microfluidic chip, 
consisted of the inlet and outlet channels. Alginate solution was used as sample fluid, while calcium chloride was used for sheath 
fluids with distilled water (DW) or IPA. (B) General fiber fabrication process and (C) dehydration process applied to the aqueous al-
ginate fibers in an IPA solvent via chemical focusing. (D) The gelation process of the alginate fibers in DW or in IPA solution accord-
ing to each time point, mediated by the cross-linking of alginate chains with Ca2+ ions. PDMS: polydimethylsiloxane, IPA: isopropyl 
alcohol.
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Statistical analysis
All experiments in the study were repeated at least three 

times. The mean±standard deviation are reported here. The 
significance of the differences between groups was evaluated 
using a two-tailed Student’s t-test. Levels of p<0.05 and p<0.01 
were considered to be statistically significant. 

RESULTS 

Fabrication of the calcium alginate fiber scaffolds
By microfluidic wet spinning technique and immersion 

method in coagulating solution, the alginate fibers were fabri-
cated. To control the degradation rates, we alternated the con-
tents of flow solutions and curing time in the coagulation bath; 
sheath solutions containing either 3% CaCl2 in DW or in IPA 
and coagulation time for either 1 hr or 12 hrs in 10% CaCl2. 
Since the sample fluids with 3% (w/v) alginate and the sheath 
fluids with 3% (w/v) CaCl2 solution either in DW or in IPA 
were used, solidification of the alginate solution was occurred 
at different interfaces between two liquids (Fig. 1A). 

Highly negative charged alginate molecules are strongly 
crosslinked with positive charged calcium ions. The calcium 
solution with DW in sheath flow slowly passes through the al-
ginate solution in the sample flow, so that the alginate fibers are 
generated with the smooth, round surfaces (Fig. 1B). On the 
other hand, IPA in sheath flow greatly affects the fiber structure 
with compact, contracted and aligned forms, when IPA perme-
ates the surfaces of alginate solution, gets quickly aggregated 
and forms nanostrands (Fig. 1C). After the fabrication process, 
those fibers were immersed in a coagulation bath for 1 hr or 
12 hrs and then four types of the calcium alginate fibers were 
successfully fabricated (Fig. 1D). Characterization and the 
degradation rates of each fiber were further analyzed.

Characterization of the surfaces on the alginate fibers 
Figure 2A demonstrates the FTIR spectra of calcium alginate 

fibers in water (blue line) and in IPA (red line). There are two 
comparable characteristic groups; one is the stretching vibration 
bands of -OH group centered at near 3300 cm-1 and the other is 
the stretching bands of COO-group at near 1580 cm-1 (asym-
metric) and 1410 cm-1 (symmetric). The broad and smooth band 
of hydroxy group in IPA-based alginate fibers has shifted to 
lower wavenumbers, because of the strong ionic interactions 
between calcium ions and the OH groups or the rearrange-
ment of intra-molecular hydrogen bonds in the surface of algi-
nate fibers. The OH band of the IPA-based fibers at 3240 cm-1 
was broad and smooth, with a shift to lower wavenumbers, al-
though the peak did not show a strong intensity [27]. This 
broad feature has been attributed to the ionic interactions be-
tween ions and the OH groups or the formation of intra-mo-
lecular hydrogen bonds [28]. The observed shift was mainly 
due to the rearrangement of hydrogen bonds. The spectra of 
carboxylate ion in calcium alginate fibers with IPA was observed 
at 1578 cm-1 and 1405 cm-1, and those with water at 1586 cm-1 
and 1418 cm-1, the asymmetrical and the symmetrical stretching 
of carboxyl groups, respectively. These shifts in IPA to lower 
wavenumbers might indicate an interaction of the tight struc-
ture in the intermolecular chains of alginate fibers with the cal-
cium ions in comparison with water-based alginate fibers.

Figure 2B shows one-dimensional XRD patterns of the calci-
um alginate fibers from water-based (blue line) and IPA-based 
(red line) sheath fluids. Both patterns are similar, as the peaks 
in both groups were observed at 2θ=23.80° in the spectra. The 
strengths of the 2θ patterns in the spectra reflected the degree 
of crystallinity. IPA-based alginate fibers provide little sharper 
and stronger diffraction peaks, which indicate higher crystal-
linity and a more perfect ordering, compared to the fibers fab-
ricated with the water-based sheath flow.
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The Ca2+ ion concentrations in the alginate fibers
The amounts of Ca2+ incorporated into each fiber, as deter-

mined using ICP-OES, are showed in Figure 2C. The curing 
times for the alginate fibers, which mediated the calcium ion 
cross-linking of the alginate chains, was governed by the diffu-
sion coefficient of calcium in the sheath and coagulation solu-
tions [29]. The ICP-OES results revealed that the amount of Ca2+ 
ions in the fibers increased as the curing time in the CaCl2 coag-
ulation bath increased. A curing time increase from 1 to 12 hrs 
increased the amount of Ca2+ incorporated into ionic crosslinks 
from 12.5±2.1 mg (1.0-fold) to 18.3±2.6 mg (1.46-fold), while 
curing times of 1 or 12 hrs in a sheath solution with IPA yielded 
Ca2+ ion contents that were 25.2±4.1 mg (2.02-fold) and 43.5± 
3.8 mg (3.48-fold increases), respectively.

The degradation rates of the alginate fibers
Figure 3 shows the weight losses and swelling ratios of the al-

ginate fibers prepared from various curing times, as determined 
to the degradability of each fiber after soaking in a DMEM cell 
culture medium at 37°C. The mass loss over time was deter-
mined according to the degradation (Fig. 3A). The alginate fi-
brous scaffold prepared in a DW sheath with 1 hr curing time 
displayed the fastest degradation with mass loss of 92.7±2.8% 
within 7 days. As the curing time increased from 1 hr to 12 
hrs, the mass loss decreased to 39.8±2.5% for the fibers in DW 
sheath flow. The mass loss was 37.5±2.1% for the fibers in IPA 
with the curing time for 1 hr, while that in IPA sheath flow 
with 12 hrs curing displayed the slowest degradation with 
19.7±4.9% mass loss for 7 days.

The swelling ratios of the each type of alginate fibers in cul-
ture medium are shown in Figure 3B. The alginate fibrous scaf-

folds prepared in DW sheath fluid displayed rapid swelling 
and this swelling ratios increased up to 3 days and then gradual-
ly decreased, whereas the swelling of the alginate in IPA sheath 
fluid slowly increased. The changes of the swelling ratios from 
each alginate fibrous scaffold measured over time reflected the 
changes in the physical and chemical structures of the fibers. 
The amounts of Ca2+ presence in the alginate fibrous scaffold 
was correlated with the swelling ratio after 7 days. These re-
sults showed that the networks decreased in weights through 
the degradation process and the weight loss and swelling ratio 
were found to be highly correlated.

Morphologic changes according to the degradation
rates

The SEM images for morphology observations shown in 
Figure 4 revealed the same profiling of degradability that cor-
responded to the weight losses and the swelling ratios. The fi-
ber sizes of the fibrous alginate scaffold prepared in a DW 
sheath with 1 hr curing time were 9.47±1.46 μm. Whereas the 
curing time increased from 1 hr to 12 hrs, the diameter of the 
fibers decreased to 8.72±0.41 μm for the fibers. The size was 
5.32±0.47 μm for the fibers in IPA with the curing time for 1 hr, 
while that in IPA sheath flow with 12 hrs curing displayed the 
slightly decreased sizes with 5.28±0.22 μm. These results indi-
cate that IPA treatment makes the fibers more compact and 
longer cross-linking has little effects on the compact sizes.

While the alginate fibers from DW sheath fluid have the 
smooth surfaces (Fig. 4A and B), aligned fiber structures formed 
in the IPA sheath fluid as a result of self-aggregation (Fig. 4C 
and D). Figure 4E-H show that the surfaces of the alginate fi-
bers changed dramatically on day 7 after incubation with cul-
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ture medium on the alginate fibrous scaffolds and that longer 
fiber curing time for 12 hrs produced strong, distinct fiber 
structures. Supplementary Figure 1 (in the online-only Data 
Supplement) shows more detailed SEM images of alginate fi-
bers immersed in DMEM without cells on the day 7. 

On the contrary, Supplementary Figure 2 (in the online-on-
ly Data Supplement) shows that alginate fibers had a smoother 
looser morphology after the fibers were cultured with myoblast 
C2C12 cells seeded and cultured in the DMEM culture medi-
um and the cells were removed by trypsin at 7 days. The sur-
faces of the alginate fibers cultured with cells were more mot-
tled than the fiber surfaces incubated without cells. Polymer 
scaffolds such as alginate have been shown to degrade in acidic 
environments through surface erosion [30]. The diameters of 
the alginate fibers obtained from the images followed the same 
trend as the swelling ratio (Fig. 3B). A comparison data on the 
alginate fibrous scaffolds with or without cells demonstrated 
that the scaffolds prepared without cells (Supplementary Fig. 1 
vs. Supplementary Fig. 2) were degraded to a lesser degree 
than the scaffolds that had been incubated with cells for 7 days. 

The cell viability and proliferation on the alginate 
fibers

To investigate the cell viability and proliferation, CCK-8 as-
say was carried out after seeding myoblast C2C12 cells onto 
the alginate fibrous scaffolds. The result data as normalized 
versus the value obtained on day 0. Figure 5A shows that the 
percentile of viable cells that attached and grew were higher on 
the alginate fibers prepared with the IPA sheath fluid than 
those with the DW sheath fluid. The proliferation of the C2C12 

cells also increased with the curing time within fibers prepared 
using a given sheath fluid. The number of survived cells on the 
scaffolds increased was changed from DW to IPA as the sheath 
fluid because the alginate fibrous scaffolds prepared with the 
IPA degraded less than those with the DW sheath fluid. Figure 
5B-E show that live, immnuostained C2C12 cells on the algi-
nate fibrous scaffolds on culture day 7, coincided with the re-
sults of the cell viability assay.

DISCUSSION 

For tissue repair and regeneration, the scaffolds play an im-
portant role, so that many studies on affordable scaffold mate-
rials have been developed during past decades. Applicable scaf-
folds for tissue engineering should promote cell-ECM-scaffold 
interaction, provide controllable biodegradability, transport 
nutrients, gases, wastes and also drugs for cell proliferation and/
or differentiation, and also lower toxicity and immune reactions 
to the minimum levels [31-33].

We developed an improved microfluidic wet spinning meth-
od for regulating the degradation properties of the alginate fi-
bers by optimizing the density of the ordered alginate chain 
structures and by increasing the degree of crosslinking with 
Ca2+, resulted in significantly increased cell proliferation. The 
polymer chains in the fibers could be densely packed through 
the use of a low-polarity sheath flow. In this work, a highly or-
dered alginate fiber was generated through dipole-dipole at-
tractions at the dehydrating interface between the aqueous 
sample and IPA sheath fluids [23]. The structure of the ordered 
polymer chains resembled the crystalline structure of fibroin 
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Figure 4. SEM images of the alginate fibrous scaffolds prepared from various conditions. (A-B & E-F) Alginate fibers prepared from 
DW- or (C-D & G-H) IPA-based sheath fluids. (A, C, E, and G) With curing conditions for 1 hr or (B, D, F, and H) 12 hrs in 10% 
CaCl2 bath. (A-D) Before or (E-H) after immersion in culture medium for 7 days. The scale bars indicate 10 μm. SEM: scanning 
electron microscopy, DW: distilled water, IPA: isopropyl alcohol.
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[34]. These results suggested that the solvent system induced 
conformational changes that produced an ordered structure 
through dehydration, in coincidence with the SEM data [30]. 

Crosslinking is an effective method of stabilizing 3D poly-
mer networks. Several types of crosslinking agents may be uti-
lized for different applications. In this study, we employed the 
ionic crosslinking with divalent cations, which is commonly 
used to prepare alginate hydrogels. An increase in crosslinked 
calcium concentration can affect formation of hydrogels and 
proper reaction time may require to an appropriate character. 
Divalent cations bind to guluronate and block the alginate 
chains. Guluronate can block one polymer chain and form junc-
tions with the guluronate blocks of adjacent polymer chains in 
what is termed the “egg-box model of cross-linking”, resulting 
in a gel structure [35]. Calcium ions diffuse into the alginate 
sample solution flow and crosslink alginate within the micro-
fluidic channel (Fig. 1B and C) [9,36,37]. The gelation time for 
such alginate fibers is governed by the available concentration 
of Ca2+ ions and the diffusion coefficient of calcium in the algi-
nate solution. As the calcium chloride concentration is in-
creased from 3% (w/v) CaCl2 in the sheath solution to 10% (w/
v) CaCl2 in the coagulation bath, all Ca2+ ion binding sites in 
the alginate chains present at the fluid flow interface became 
occupied by cations during the initial moments of the gel for-
mation process [38]. Whereas the cations rapidly bound to the 
polymer because all of the Ca2+ ion binding sites in the alginate 
chains were unoccupied, Ca2+ ions were subsequently prevent-
ed from forming additional crosslinks in the gelling zone be-
cause diffusion through the pre-formed gel surface layer was 

kinetically hindered. The resistance to Ca2+ ion diffusion into 
the core region of the alginate fibers suggested that the calcium 
ions required a longer curing time to permit full binding in the 
alginate fibers. The local concentration of CaCl2 and the resi-
dence time were controlled to mature the gelled network [29]. 

The mass loss and equilibrium swelling ratios due to degra-
dation would be affected by the solvents, crosslinking density 
and time. The mass loss behavior may correlate with the weight 
changes. That is, the weight loss would be in reciprocal pro-
portion to the molar mass (molecular weight) loss with time. 
As degradation of alginate scaffolds was monitored by measur-
ing the changes of the dry weight loss and swelling ratios with 
time, the conditions of increasing weight loss of alginate and 
decreasing crosslinking density during degradation resulted in 
a higher equilibrium swelling ratio.

During the initial stages of fiber degradation after prepara-
tion in the DW sheath fluid for 1 hr or 12 hrs, low degree of 
ion exchanges of the Ca2+ ions with Na+ ions was permitted. 
The Na+ ions did not damage the fiber network, although the 
lattice size was enlarged. The swelling ratio, therefore, increased 
during the initial period. Once the ion exchange reaction had 
reached a critical value, the entire crosslinking network was 
expected to become disjointed, resulting in the dissolution of 
the alginate fibers Supplementary Figure 3 (in the online-only 
Data Supplement). Placing the Ca2+ crosslinked alginate fibers 
in DMEM resulted in fiber degradation and swelling mainly as 
a result of the ion exchange process between the Ca2+ ions pres-
ent in the egg-box cavities of the polyguluronate blocks and the 
Na+ ions in the buffer solution [39,40].

Figure 5. Cell viability assay with mouse myoblast C2C12 cells cultured on each alginate fibrous scaffold. (A) Time-dependent cell 
proliferation. Live & dead immunostaining images on (B) alginate fibrous scaffolds prepared from the DW sheath fluid with 1 hr or 
(C) 12 hrs curing and on (D) alginate scaffold from the IPA sheath fluid with 1 hr or (E) 12 hrs curing. The green fluorescence indi-
cates the live cells at day 7. The scale bars are 1000 μm. DW: distilled water, IPA: isopropyl alcohol.
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The changes in the alginate fiber swelling ratio were found 
to fully characterize the degradation of these alginate fibers, as 
the swelling ratio was strongly related to the crosslinked and 
self-aggregated structure. Figure 3B shows that the alginate fi-
bers in DMEM produced large swelling ratios, and the rate of 
water diffusion into the samples was faster than the degrada-
tion process. After 3 days, the swelling ratio began to slow and 
the fiber erosion process began. These processes may limit the 
attachment and proliferation of cells on the calcium alginate 
fiber scaffolds. The swelling ratio of fibers prepared in the IPA 
sheath fluid with 1 hr or 12 hrs curing times increased due to 
the partial degradation of the alginate fibers possessing more 
calcium ions and a large degree of self-aggregation. SEM im-
ages of the alginate fibrous scaffolds revealed the results of 
bulk erosion (Supplementary Figs. 1 and 2). These results sug-
gested that the degradation of fibrous alginate scaffolds is a 
bulk erosion process. The swelling ratio of each alginate fi-
brous scaffold differed according to the crosslinking and self-
aggregation density [41]. 

The cell seeding efficiency and growth on the scaffold was 
enhanced by applying a type-I collagen coating onto the algi-
nate fibrous scaffold. Collagen, a primary structural ECM pro-
tein, has excellent cell-binding properties and cell compatibility, 
making it a widely useful biomaterial in the tissue engineering 
field. Collagen scaffolds provide the necessary support for cells 
to attach, proliferate, and maintain their differentiated func-
tion. For this reason, it is important to match the rate at which 
the scaffold is degraded to the rate at which cells proliferate 
[42]. The cell proliferation assessment showed that the alginate 
fibrous scaffold prepared with the IPA sheath fluid and a 12 
hrs curing time provided the most stable scaffold, with a slow 
degradation rate [43]. These results revealed that alginate ex-
posed to IPA formed highly ordered structures with compact 
alignments and provided suitable micro-scaled topography 
with more grooved surfaces for tissue engineering, enhancing 
cell adhesion, proliferation or differentiation [44,45].

Microfluidic spinning methods enable control over the ma-
terial composition, size, and shape, degradation rates of fibers. 
Thereby, these methods have been central to tissue engineer-
ing and biomedical engineering applications [46]. Here, we 
successfully demonstrated that the degradation properties of 
an alginate fibrous scaffold could be tuned according to high 
degree of crosslinking with Ca2+ ions and compactness of the 
self-aggregate structures formed under dipole interactions be-
tween the sheath and core fluids by IPA. 

Our controlled degradable alginate scaffold may have the 
potential to provide optimal platform to the cells, to delivery 
useful factors/drugs to the cells and to serve as a good matrix 
for tissue engineering and regeneration.

Supplementary Materials
The online-only Data Supplement is available with this arti-

cle at http://dx.doi.org/10.1007/s13770-016-9048-7.
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