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Spray-spinning: a novel method for making alginate/chitosan
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Abstract The subject of our investigations was the pro-
cess of obtaining alginate/chitosan polyelectrolyte complex
(PEC) fibers. In this study, a novel method named “spray-
spinning” was developed for the making of these hybrid
fibers. In spray-spinning, a chitosan solution was sprayed
into a flowing sodium alginate solution and sheared into
streamlines. The elongated streamlines subsequently
transformed into alginate/chitosan PEC fibers. Average
diameter of the fibers increased with the increasing of
chitosan concentration used in spinning. The fibers showed
a high water-absorbability of about 45 folds of water to their
dry weight and retained their integrity after incubation in
Minimum Essential Medium (MEM) for up to 30 days. In
vitro co-culture experiments indicated that the fibers could
support the three-dimensional growth of HepG2 cells
and did not display any cyto-toxicity. Moreover, in vivo
implanting experiments indicated that the connective tissue
cells infiltrated into the implanted fibrous scaffolds in
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3 weeks after surgery. These results demonstrated the
potential applications of the as-spun fibers in regenerative
medicine and tissue engineering.

1 Introduction
1.1 Three-dimensional (3D) scaffold and fiber-making

Tissue engineering and regenerative medicine aim at the
development of biological substitutes restoring, maintain-
ing or improving tissue function [1]. Efforts in this have
been directed to produce biocompatible 3D scaffolds that
mimic the structure and morphology of native porous
extracellular matrix (ECM). The function of these scaffolds
is to physically support cells and to provide conditions for
cell adhesion and growth. Appropriate material topogra-
phy, cyto-compatibility, porosity, pore size, permeability,
surface properties and mechanical stability have been
defined as being critical requirements for the scaffolds [1-3].
According to topographical and architectural characters,
the porous 3D scaffolds in biomedical field can be meanly
divided into two categories: alveolitoid and fibroid. In al-
veolitoid scaffolds, the skeletal structure is integrated into
an alveolate framework [4, 5]; in contrast, the skeletal
structure in fibroid scaffolds is composed of un-adhering
fibers [6, 7]. Fibrous meshes in fibroid scaffold possessing
high porosity, high permeability, high interconnectivity of
the pores and highly specific surface area may closely
mimic the surface structure and morphology of native
porous ECM. In addition, the alignment of macromolecular
orientation along the fiber direction during the process of
fiber-making may greatly increase the modulus of the
fibers [8]. Different techniques, such as wet spinning [6, 7],
self-assembly [9], in situ fibrillation [10], phase separation
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[11], electrospinning [12] and hydro-spinning [13] have
been applied to fabricate these fibers.

1.2 Chitosan and alginate for scaffold-making

The ideal scaffold materials should be nontoxic and bio-
compatible under physiological conditions after being
implanted in human body, and should be completely
degraded and resorbed when the tissue is fully regenerated
[14]. Chitosan, a de-N-acetylated analog of chitin consist-
ing of linear f-1,4-linked GlcN and GIcNAc units [15], has
been explored as a suitable functional material for bio-
medical utilization due to its biodegradability, biocompat-
ibility, and nontoxicity [16]. Apart from chitosan, alginate,
a family of linear binary copolymers of (1-4) glycosidi-
cally linked residues of «-L-guluronic acid (G) and
p-p-mannuronic acid (M) [17], has also been studied
extensively owing to its unique biocompatibility in tissue
engineering [6, 18-20]. The alginate/chitosan polyelectro-
lyte complex (PEC) has combined properties of the two
individual components, such as more stable to pH change
for shape-keeping than alginate or chitosan alone in
aqueous medium [21, 22]. Therefore, alginate/chitosan
hybrid PEC is also widely used for scaffold-making in
biomedical and bioengineering fields [23-25].

1.3 Chitosan and alginate for fibrous scaffold-making

Alginate or chitosan fibers have been produced by elec-
trospinning [18, 26-32] and wet spinning [6, 7, 33—42],
repectively. Nevertheless, the electrospun fibers containing
alginate or chitosan were actually achieved by blending
with synthetic polymer or co-solvent, such as poly(ethyl-
ene oxide) (PEO) [18, 26, 27, 31, 32], poly(vinyl alcohol)
(PVA) [28, 32], glycerol [29] and trifluoroacetic acid
(TFA) [30], etc., for viscosity reasons. Similarly, the wet-
spun fibers containing alginate or chitosan were actually
achieved by coagulating with cross-linking agent or non-
solvent, such as epichlorohydrin (ECH) [34, 40], NaOH
[34], CaCl, [41] and Methanol [42], etc., for shape-sta-
bility reasons. As to alginate/chitosan hybrid fibers, elec-
trospinning of them directly from alginate/chitosan blend
solution is difficult, since a direct mixing of the two
polymer solutions would readily coagulate and form gels
due to the opposite charges between alginate and chitosan.
However, alginate/chitosan PEC fibers have been produced
by wet spinning [6, 7, 33, 41-43]. Even though, the
chitosan content in the fibers is always lower than 15%
w/w, since the wet spinning method of making these fibers
is based on the principle of coating procedure via ionic
interactions. Fan et al. [44] produced the alginate/chitosan
fibers by mixing the two solutions before coagulating
procedure of the wet spinning. Nevertheless, no further
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details described in their article about the uniformity of the
two components in the blended mixture.

1.4 Our work in this paper

In previous study [13], we established a method of “hydro-
spinning” to make alginate/chitosan PEC hybrid fibers
without the assistance of synthetic co-solvent, cross-link-
ing agent or solvent other than thin concentrations of acetic
acid and sodium acetate in pure water. In this study, we
developed a modified hydro-spinning method, which we
named “spray-spinning”, to make these micro-fibers.
Instead of injecting a chitosan solution into a flowing
sodium alginate solution in our previous “hydro-spin-
ning”, the operation in present ‘“spray-spinning” was
simplified to spray a chitosan solution into a flowing
sodium alginate solution to make fibers (Fig. 1a). Scanning
electron microscope (SEM), Fourier transform infrared
spectroscope (FTIR) and optical microscope were
employed to characterize the morphology, size and com-
position of alginate/chitosan spray-spun products. Stability
in Minimum Essential Medium (MEM) and water-
absorbability of the fibers were also detected. In addition,
both in vitro co-culture and in vivo implanting experiments
were employed to determine the biocompatibility of these
fibers.

2 Materials and methods
2.1 Materials

Chitosan stock solution (10.0 g/l) was prepared by dis-
solving chitosan (230 kDa, 98% deacetylaiton, Yuhuan
Ocean Biochemical Co., Ltd., Zhejiang, China) in a solvent
of 0.2 M CH3COOH/0.1 M CH3COONa and filtered
through a 0.2 pm millipore filter. The working solutions of
chitosan (0.500, 0.333 and 0.250 g/l) were prepared by
diluting the chitosan stock solution with water, respec-
tively. To prepare alginate solution (1 x 1072 g/ml),
sodium alginate (595 kDa, Jinyan Bio-Tech Development
Corporation, Shandong, China) with L-guluronic acid (G)/
D-mannuronic acid (M) residue ratio of 0.5 was dissolved
into stirring water and then filtered with a 0.2 pm millipore
filter. HepG2 (Human hepatocellular liver carcinoma cell
line) was a gift from Professor Kong Li (Dalian Medical
University, Dalian, China).

2.2 Spray-spinning alginate/chitosan fibers

Figure 1a shows the schematic equipment of
“spray-spinning”. At room temperature (22.5 + 0.5°C), a
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spray-drying equipment (Shandong Tianli Drying 2.4 Water absorbability

Equipment Co. Ltd.) was employed to spray chitosan
solution (100 ml) into a beaker (0105 mm) containing
alginate solution (300 ml) which was being stirred on a
magnetic stirrer. The length of the stir bar was 4.0 cm and
the rotate speed was 700 rpm. The distance between
sprinkler and alginate solution surface was 10 cm.
The liquid pump flux was 900 ml/h and the air flux was
15 1/min.

After fabrication, the spray-spun product was centri-
fuged and washed with neutral pH water for 3 times
(centrifuged after each time). Aligned fibers were collected
by sticking a thin stainless steel needle into the rotating
water in an additional 4th washing procedure as reported
[13]. Samples obtained above were vacuum freezing-dried
with a FD-1 vacuum freeze drier (Boyikang laboratory
apparatus co., Ltd., Beijing, China).

2.3 Fourier transform-infrared spectroscopy (FTIR)

Sample was pulverized with KBr and pressed into pellet.
Infrared spectra were obtained at a resolution of 2 cm ™' on
a Bruker Vector 22 fourier transform infrared spectropho-

tometer (Bruker Optics, Billerica, MA).

Water absorbability was measured by a method as previ-
ously reported [13]. Briefly, dried sample of weight W was
immersed in a graduated cylinder containing a known
weight (w;) of water. After removing the air from the
cylinder, the water-impregnated sample was also removed.
The remaining weight of water in the cylinder (w,) was
recorded. Water absorbing rate (A) was then calculated
from the formula:
Wi —wy
w

A= (1)

2.5 Elementary analysis

Element compositions (N, C and H) of sample were
determined by an elementar vario EL-III Element Analyzer
(Analysensysteme GmbH, Germany) according to the
instruction and operation manual.

2.6 Scaffold stability test
Fibers were immersed in MEM at 5% CO, with humidity

to evaluate the stability of scaffold in cell culture system.
After 30 days of saturation at 37°C, fibers were rinsed in
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PBS and dehydrated in a series of ethanol solutions. Then,
the fibers were vacuum freezing-dried.

2.7 In vitro three-dimensional co-culture

According to normal procedure, HepG2 cells were cultured
in a complete MEM. As reaching about 90% confluence,
the HepG2 cells were removed by trypsin-EDTA and
seeded onto the spray-spun fibrous scaffolds at a density of
0.5 x 10° cells/cm?. Under dynamic conditions in MEM at
37°C and 5% CO,, the cell-seeded scaffolds were cultured
for 1 week with daily medium changes.

2.8 In vivo rat’s thigh implanting test

Bilateral thigh areas of the anesthetized Sprague-Dawley
(SD) rats (280-330 g, 7 weeks old) were disinfected and
incised to expose leg muscles (Fig. 6d). Certain amounts of
spray-spun fibers (about 50 mg for one incision) were
implanted into the muscles. Then, the skin incisions were
sutured and the animals were administered with a daily
intramuscular injection of Benzylpenicillin (10,000
U/day). Three weeks after surgery, the implants were
harvested and subjected to paraffin section and HE staining
operation.

2.9 Hematoxylin and eosin stain (H&E)

The wet un-lyophilized fibers were stained with hema-
toxylin and eosin for 20 min. After briefly rinsed with
water, the stained fibers were observed with a Nikon
Eclipse TE2000 Inverted Research Microscope (Nikon
Corporation, Japan) and optical images were taken. For
the samples of cell co-cultured scaffold and implanting
specimen, paraffin section and HE-staining operations
were carried out. Briefly, the samples were fixed in 4%
formaldehyde and paraffin-embedded. Sections were cut
in 5 um thicknesses and de-paraffinized. After staining
with hematoxylin and eosin, the samples were evalu-
ated with a Nikon Eclipse TE2000 Inverted Research
Microscope.

2.10 Confocal laser scanning microscopy (CLSM)

Live/dead viability assay was performed to evaluate the
cell viability on the fibrous scaffold. Briefly, cell
co-cultured scaffold was incubated with EthD-1 and
calcein-AM solution at room temperature for 30 min in
the dark, followed by a PBS wash. Then, the prepara-
tions were imaged under a Leica TCS SP2 laser scanning
confocal microscopy (Leica microsystem Inc., Ban-
nockburn, IL).
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2.11 Scanning electron microscopy (SEM)

In vitro co-cultured fibers were rinsed in PBS and fixed in
2.5% glutaraldehyde. Then, the samples were dehydrated
in a series of ethanol solutions and vacuum freezing-dried.
The unseeded spray-spun samples were directly cut from
the WD products. Samples obtained above were sputter-
coated with evaporated gold and imaged under a JSM-5600
LV scanning electron microscope (Nippon Denki Co., Ltd.,
Japan).

2.12 Fiber size measurement

In HE-stained and SEM images of spray-spun fibers, one
hundred distinct points were measured for each sample
using software ImageJ. Average diameter was determined
and presented as mean =+ standard deviation.

2.13 Statistical analysis

Statistical comparisons were performed using a one-way
analysis of variance (ANOVA); differences at P < 0.05
were considered statistically significant.

3 Results and discussion
3.1 Electrovalent bond

FTIR were employed to determine the interaction between
alginate and chitosan in the spray-spun products. Just as
hydro-spun products [13], the spectra of pH neutralized
alginate/chitosan spray-spun products also displayed a
deforming peak at 1,531 cm™"' which was attributed to the
protonated amine of chitosan (Fig. 1c), indicating that
alginate combined chitosan with an electrovalent bond by
the interactions between the free protonated amino groups
(-NH; ™) of chitosan and the carboxylate groups (-COO™)
of alginate (Fig. 1d). Namely, alginate/chitosan PEC
formed during the process of spray-spinning. The presence
of this PEC might provide the basis for the fiber stability in
MEM which will be referred to later.

3.2 Morphology and fiber size

In this work, a series of chitosan solutions (10.0, 0.500,
0.333 and 0.250 g/1) were used for spray-spinning and the
spun products was marked as CA g9, CAg.500, CAg.333 and
CAy 50, respectively. Water freezing-dried (WD) products
spun at chitosan concentration of 10.0 g/l (WD CAjg,)
presented as laminar morphology under SEM observation
(Fig. 2a); in contrast, the WD products spun at lower
chitosan concentrations of 0.500, 0.333 and 0.250 g/
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Fig. 2 SEM images of spray-
spun products: a products spun
at chitosan concentration of
10.0 g/l (WD CAjgpp); b
products spun at chitosan
concentration of 0.500 g/l (WD
CAg.500); € products spun at
chitosan concentration of
products spun at chitosan
concentration of 0.250 g/l (WD
CAg.250)- € and f are enlarged
partial views of d

presented as slender fibers (Fig. 7a). Some irregular frag-
ments were observed in these samples. These fragments
were speculated to be produced by the oscillation of algi-
nate flow in spinning process. By going through the addi-
tional needle-collecting procedure [13], the irregular
fragments could be effectively removed (Fig. 2b—f). Mac-
roscopically, the vacuum freezing-dried fibers presented as
a cotton-like construct (Fig. 6¢).

Needle-collected products spun at chitosan solution of
0.500, 0.333 and 0.250 g/l appeared as pink ribbons after
HE-staining (Fig. 7b). On the assumption that the width of
HE-stained fibers in the optical images was the diameter of
wet fibers, we observed that the fiber diameter decreased
with the decreasing of chitosan concentration used in
spinning: diameter of HE-stained CAgsq9, HE-stained
CAp333 and HE-stained CAg,so was 51.94 4 47.65,
31.04 &+ 2744 and 21.39 £ 1440 um, respectively
(Fig. 3a). These results are consistent with the measure-
ment of WD fibers in SEM images: diameter of WD

CAOASOO, WD CA()_333 and WD CAO.250 was 17.01 + 1223,
10.26 + 6.51 and 6.06 £ 3.33 pm, respectively (Fig. 3a).

For the rationale of spray-spinning, it could be retro-
spected to the droplet breakup problem which was men-
tioned in many articles [13, 45-49]. A droplet or elongated
streamline breaks up to pieces when the velocity gradient
reaches a high value (Fig. 1b) [45, 49]. During the process
of spray-spinning, the friction at the interface between the
continuously mobile alginate solution and the sprayed
chitosan droplet results in the droplet elongation. The
elongated droplet streamline could change into PEC fiber
before it breaks up into pieces (Fig. 4d). Reports indicated
that the fragility of a fluidic streamline in viscous liquid
is strongly dependent on the viscosity ratio A, where
A = palthn, Ug and pp, denote the viscosity of elongated
streamline and matrix, respectively [46, 49]. Therefore, the
droplet elongation process in spray-spinning might be
largely affected by the viscosity ratio of the viscosity of
chitosan solution to the viscosity of alginate solution. It is a
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Fig. 3 a HE stained fiber
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known fact that viscosity of a polymer solution is largely
determined by the concentration and molecular weight of
its polymeric solute. Although chitosan is unstable in acetic
acid solution, the relative viscosity and molecular weight
of chitosan decrease very slowly with increasing storage
time in the low concentration of acetic acid solutions [50].
Nevertheless, acetic acid may have direct effects on the
chitosan solution’s viscosity as the solute chitosan does
[51, 52]. Sine working solutions in our spinning were
diluted from chitosan stock solution by pure water (see
Sect. 2), changing the chitosan concentration simulta-
neously changed the acetic acid concentration. Both of
these two concentration alterations might influence the

A velocity gradient c

——

Thermoplastic microellipsoid
Extruder

NI

Matrix Thermoplastic fiber

——- — Flow velocity
flow direction == Velocity gradient
B R -~ D Chitosan droplet Elongated droplet
> c ; 7
- ] # /
—> o ———— e
—_— © u
—_— =
=
— T
—_— o i
—————— = Q@ Flowingalginatc solution Spm{. —_——_

|

— Flow velocity
=== Velocity gradient

flow direction

Fig. 4 Flow field and spinning. a Extensional flow: the velocity
gradient is in parallel with the flow direction. b Shear flow: the
velocity gradient (shear rate) is perpendicular to the flow direction. ¢
Schematic diagram of flow field in in situ fibrillation. Immiscible
matrix and thermoplastics are blended and melted in the extruder. The
melted thermoplastics droplets are drawn into streamlines by
fibrillation process through a caliber-diminishing pipe (and then
solidified into fibers by annealing). d Flow field in spray-spinning:
spinning solution (chitosan solution) is sprayed into and sheared by
the flowing alginate solution. Then, the elongated droplet streamline
is solidified into an alginate/chitosan PEC fiber (a and b are
reproduced from Ref. [13])
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viscosity of chitosan solution, consequently influencing the
viscosity ratio 4 between alginate and chitosan solutions; as
a result, the spray-spun product’s properties, such as the
fiber diameter, would change accordingly. The experi-
mental results shown in Fig. 3a verified the aforementioned
inference.

Interestingly, although the liquid pump flux in spray-
spinning (900 ml/h) was much larger than that in hydro-
spinning (118.8 ml/h) [13], the spray-spun fibers did not
show larger fiber diameter that much than hydro-spun fibers
at the same chitosan concentration (in SEM images, the
upmost diameters at chitosan concentration of 0.333 g/l
were both no more than several tens of micrometers in the
two methods). This might be attributed to the much more
contact area in spray-spinning than that in hydro-spinning:
in hydro-spinning, only one fiber streamline was forming in
the alginate solution from one needle tip at a time; while in
spray-spinning, numerous fiber streamlines were forming on
the alginate solution’s surface from droplets sprayed by one
sprinkler at the same time (Fig. 1a). This reminds us that,
comparing with hydro-spinning, the operation of spray-
spinning is not only simpler, but might be more efficient.

It is worth mentioning that flow fields used in processing
of polymers can be mainly divided into two categories:
[13, 53] shear flow (Fig. 4a) and extensional flow (Fig. 4b)
(elongational flow). Just as in hydro-spinning [13], the flow
field in spray-spinning belongs to a kind of shear flow
(Fig. 4d). This is the essential difference between
the spray-spinning and the traditional in situ fibrillation
[10, 54]: for the later, its flow field belongs to a kind of
extensional flow (Fig. 4c).

3.3 Water absorbability

For water absorbability is one parameter to evaluate
porosity of biomaterial scaffold, we measured the water
absorbing rates of WD spray-spun fibers. As shown in
Fig. 3b, water absorbing rate of WD CAg 500, WD CAg 333
and WD CAp,so was 44.72 £ 5.04, 43.52 + 4.58 and
47.26 £ 6.83 g/g, respectively. There was no significant
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difference between these fibers (P > 0.05, Fig. 3b).
Assuming density of water is 1.00 g/ml, the average
porosity of these fibers was approximately 45 ml/g. The
high water absorbability of these fibers might be attributed
to the large porosity of their assembly (Fig. 2b—d). In
addition, it could be found from high resolution that the
surface of these fibers is full of wrinkles (Fig. 2e—f),
indicating the fibers had large specific surface area which
might also help to increase their water absorbability. The
large porosity and specific surface area of these fibers
might be helpful for the cell adhension and infiltration, and
the nutriment penetration in cell culture.

3.4 Element compositions and chitosan content

Elementary analysis results of spray-spun products are
shown in Table 1. The ratio of nitrogen to carbon (N/C) of
CA(),S()(), CA()A333 and CA0A250 was 0.096 + 0001,
0.089 &+ 0.003 and 0.089 £ 0.001, respectively. Previ-
ously [13], we reported that the ratio N/C of pure chitosan
(230 kDa) and pure alginate (595 kDa) was 0.194 + 0.003
and 0.000 £ 0.000, respectively. Assuming the mean N/C
value of pure 230 kDa chitosan sample (which was 0.194)
is the real ratio N/C of chitosan (y,), percentage content of
chitosan (H) in a sample was calculated from the following
formula:

H="x100% 2)

Y0

where 7y is the ratio N/C in a sample and y, = 0.194 [13].
Then, the chitosan content of CAg 500, CAg 333 and CAgsg
was 49.5 + 0.6, 457+ 1.6 and 458 + 04% w/w,
respectively (see Table 1). Comparing with wet spinning
and hydro-spinning, the chitosan content in spray-spun
fibers is slightly lower than that in hydro-spun fibers (in
which the chitosan content is about 45-55% [13]), but is
much higher than that in wet-spun fibers (in which the
chitosan content is about 1-25% [7]).

3.5 Fiber stability

To evaluate stability of the spray-spun fibrous scaffold in
cell culture, blend fibers of WD CAgq 509, WD CAg 333 and

WD CAg 00 were immersed in MEM medium at 37°C and
5% CO, with humidity. Result indicated that the fibers
retained their integrity in appearance after 30 days of
incubation in MEM (Fig. 5a—c). This indicates that, com-
paring with alginate and chitosan which are soluble in
MEM, the spray-spun fibers were stable and might undergo
saturation in cell culture system up to 1 month. This might
be attributed to the presence of alginate/chitosan PEC in
the fibers.

3.6 Bio-compatibility

Excellent bio-compatibility is a prerequisite for cell
scaffold in the fabrication of tissue substitutes. Therefore,
cyto-compatibility of the alginate/chitosan spray-spun
fibers was evaluated by co-culturing with HepG2 cells in
vitro. Under optical observation, it was found that
HepG2 cell clusters formed 5 days after cell seeding,
indicating three-dimensional growth of the co-cultured
cells on the scaffold (Fig. 6a). Live/dead assay was
applied to detect the cell viability and CLSM images
indicated that most of these cells were stained into green
fluorescence (Fig. 6b), showing they were alive 5 days
after cell seeding. The cell activity was also confirmed
by the H&E stain and SEM observation. In H&E stain
images, the acidophilic alginate/chitosan scaffolds were
stained with eosin into pink ribbons and the cells were
stained with hematoxylin into purple cluster-beads
(Fig. 7c). In SEM images, the cells assembled into
three-dimensional mass (Fig. 5d, g). In addition, the
conglobate cells of tri-dimensionally growing cell-blocks
possessed abundant ECM nano-fibers on the cellular
surface (Fig. 5d-i), demonstrating good activity of these
cells on the scaffold.

In vivo biocompatibility of the fibers was also evaluated
by implanting the fibers into the rat leg muscle (Fig. 6c, d).
Typical histological picture of the implanted scaffold
specimens is presented in Fig. 7d. From the image, we
observed that large numbers of connective tissue cells
infiltrated into the implanted fibrous scaffold 3 weeks after
surgery, showing good biocompatibility of the scaffold in
vivo.

Table 1 Element analysis data of spray-spun fibers (data showed as mean & SD, n = 4)

Sample N (%) C (%) H (%) N/C cc?

CAo.s00 3.39 £ 0.10 352 £ 0.7 6.18 £ 0.18 0.096 =+ 0.001 495+ 0.6
CAg3° 3.12 £ 0.10 352+ 0.1 6.07 £ 0.05 0.089 = 0.003 457+ 16
CAgaso® 3.08 + 0.03 347 £ 0.1 6.16 £ 0.13 0.089 =+ 0.001 458 &£ 0.4

# CC (chitosan content, %) = 100 x (N/C)/0.194

® There was no significant difference between the data of CAg 333 and CAg 59 (P > 0.05)
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Fig. 5 a—c SEM images of fibers saturated in MEM up to 30 days: b and ¢ are enlarged partial views of a. d-i SEM images of cellular clusters
on fibrous scaffold 5 days after seeding: e and f are enlarged partial views of d; h and i are enlarged partial views of g

Fig. 6 a Optical image of cell
clusters (white arrows) on the
fibrous scaffold 5 days after
seeding. b CLSM fluorescence
image of cell clusters on fibrous
scaffold 5 days after cell
seeding (live/dead viability
assay). ¢ Water freezing-died
fibers for implanting
(stereoscopical image).

d Implanting region

(white arrow) of the fibers

20000 pm
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Fig. 7 a Fragment-containing
sample without going through
the additional needle collecting-
procedure; b HE-stained wet
fibers; ¢ HE stain images of cell
culture construct 5 days after
seeding; d HE histological
picture of the implanted scaffold
specimen 3 weeks after surgery:
large numbers of connective
tissue cells infiltrated into the
implanted fibrous scaffold

4 Conclusions

This work described a new method of “spray-spinning”,
which was a modified technique from previously reported
“hydro-spinning”, for the fabrication of alginate/chitosan
PEC strap-like fibers. A chitosan solution was sprayed into a
flowing sodium alginate solution and sheared into stream-
lines. The elongated streamlines subsequently transformed
into alginate/chitosan PEC fibers. Investigations indicated
that the size of the spray-spun fibers was affected by the
concentration of chitosan solution used in spinning. The
chitosan content of the fibers was about 45-50% w/w. Water
absorbing rate of the fibers was approximately 45 folds of
water to their dry weight, showing that these fibers had a
large porosity. Besides, the spray-spun fibers were stable in
MEM and retained their integrity after saturation in the
medium for 30 days. In vitro experiments demonstrated that
HepG2 cells presented a three-dimensional growth on the
spray-spun fibrous scaffolds and in vivo experiments indi-
cated that the rat leg connective tissue cells could infiltrate
into the scaffold, suggesting the products have a good bio-
compatibility and might be useful for various applications in
regeneration medicine and tissue engineering.
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