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ABSTRACT

The goal of this proof-of-concept study was the fabrication of porous silk fibroin (SF) microspheres which could be
used as cell culture carriers under very mild processing conditions. The SF solution was differentiated into droplets
which were induced by a syringe needle in the high-voltage electrostatic field. They were collected and frozen in liquid
nitrogen and water in droplets formed ice crystals which sublimated during lyophilization and a great quantity of mi-
cropores shaped in SF microspheres. Finally, the microspheres were treated in ethanol so as to transfer the molecular
conformation into f-sheet and then they were insoluble in water. SF particles were spherical in shape with diameters in
the range of 208.4 um to 727.3 pm, while the pore size on the surface altered from 0.3 um to 10.7 um. In vitro, the per-
formances of SF microspheres were assessed by culturing L-929 fibroblasts cells. Cells were observed to be tightly ad-
hered and fully extended; also a large number of connections were established between cells. After 5-day culture, it
could be observed under a confocal laser scanning microscope that the porous microenvironment offered by SF parti-
cles accelerated proliferation of cells significantly. Furthermore, porous SF particles with smaller diameters (200 - 300
pum) might promote cell growth better. These new porous SF microspheres hold a great potential for cell culture carriers

and issue engineering scaffolds.
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1. Introduction

Amplification of seed cells is the basis of tissue engi-
neering, while microcarrier technology has realized the
extensive culture of animal cells. The higher specific
surface area of microspheres could provide adequate ad-
herent place for cells so as to be conducive to cell adhe-
sion and proliferation. The current research about micro-
carriers focuses on polysaccharides, including cellulose,
chitosan, hyaluronic acid, alginate, dextran and starch, as
well as on proteins such as collagen, gelatin, elastin, al-
bumin and silk fibroin [1,2].

Silk fibroin is a natural, fibrous protein with excellent
biocompatibility and mechanical property [3,4]. SF ma-
terials can support the attachment, proliferation, and dif-
ferentiation of primary cells and cell lines [5-7], and is
ecasily prepared as films [8], porous scaffolds [9], gels
[10], and tubular scaffolds [11]. The impressive cyto-
compatibility of SF materials make silk a popular starting
material for tissue engineering scaffolds used in skin,
bone, blood vessel, ligament, and nerve tissue regenera-
tion [12-14].
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The preparation methods of SF microspheres mainly
include protein denaturation method, emulsification-
curing method, spray-drying method, template method,
and high-voltage electrostatic technology. Desolvation
technique was implemented for the preparation SF par-
ticles using dimethyl sulfoxide (DMSO) as desolvating
agent [15], besides, SF particles of controllable sizes
(500 nm to 2 pum) also could be obtained in an all-aque-
ous process by salting out with potassium phosphate [16].
Using the simple water-in-oil emulsion solvent diffusion
method has been described to prepare genipin-cross-
linked SF microspheres [17], while spray-drying method
for fabricating spherical SF particles with average size 2
to 10 pm has been investigated in recent years [18].
Apart from these, Wang et al. [19] developed a method
to prepare SF microspheres by using lipid vesicles as
templates, and then the lipid was subsequently removed
by methanol or sodium chloride treatments, resulting in
silk microspheres consisting of S-sheet structure and
about 2 um in diameter. Wenk et al. [20] fabricated SF
spheres by using the laminar jet break-up of aqueous SF
solution, which was induced by a nozzle vibrating at
controlled frequency and amplitude. Both treatments,
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either methanol or exposure to water vapor, resulted in
an increase in fS-sheet content.

SF materials with porous structure on surface are more
helpful for cellular pseudopods extension, intercellular
signal transmission, and extracellular matrix deposition
[21]. On the other hand, if the chemical reagents such as
acetone, methanol, DMSO, etc. used in the process of
preparation of microcarriers residues; it will undoubtedly
have a negative impact on cell proliferation and growth
[22-24]. To establish a very mild processing condition,
the SF microspheres in this study were prepared by dif-
ferentiating SF solution into droplets, which were in-
duced by a nozzle under high-voltage electrostatic field.
The droplets were collected in liquid nitrogen so that
water in which crystallized into icicles. Then the icicles
sublimated after lyophilization and a large amount of
micropores were produced on the surface and inside the
microspheres. In order to make them stable in water, SF
particles were exposed to ethanol. Finally, they were
freeze-dried again followed steeped into deionized water
to remove residual ethanol. The adhesion and growth of
murine fibroblast cells L-929 on the surface of SF mi-
crospheres with different diameters were emphasized.

2. Materialsand Methods
2.1. Fabrication of Silk Fibroin Microspheres

Silk fibroin aqueous solutions were prepared as previ-
ously described [25]. Briefly, 150 g raw silk fibers (pur-
chased from Zhejiang the Second Silk Co. Ltd, Hang-
zhou, China) were degummed three times in 5000 ml
aqueous solution of 0.02 M sodium carbonate, and then
rinsed thoroughly with deionized water. After drying in
an oven at 60°C, the extracted SF was dissolved in 9.3 M
LiBr solution at 60°C for 4 h. A 4.0 wt% SF solution
obtained after dialysis of 4 days in deionized water fol-
lowed by filtration was diluted with deionized water to a
concentration of 3 wt%.

SF spheres were prepared by using high pressure elec-
trostatic generator (DW-P503-4ACCD, Dongwen High
Voltage Power Plant, Tianjin, China) and micro-injection
pump (WZS50F2, Zhejiang University Medical Instru-
ment Co., Ltd, Zhejiang, China). A nozzle with diameter
of 0.7 mm was linked with the syringe and the whole
were fixed on the pump. The distance between the needle
and the collection box was settled 100 mm. The 3 wt%
SF solution in injector was differentiated into droplets
under a high-voltage electrostatic field. The produced
droplets were continuously collected and frozen in a lig-
uid nitrogen bath (Figure 1). The frozen SF micro-
spheres were freeze-dried in Virtis Genesis 25-LE ly-
ophilizer for 48 h. The dry spheres were treated with a
75% (v/v) aqueous ethanol solution at room temperature
for 2 h to induce SF structural transformation. Porous SF
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Figure 1. lllustration showing the experimental setup used
for the preparation of SF spheres.

microspheres which were insoluble in water could be ob-
tained after lyophilized again followed after steeping into
deionized water for 3 days to remove residual ethanol.

2.2. Morphology and Structure of SF
Microspheres

The surface and cross-section of SF microspheres were
examined morphologically by scanning electron micros-
copy (SEM, Hitachi S-4700, Japan). The particle size of
SF spheres was analyzed on the basis of SEM images
with the Nano Measurer analysis software (Department
of Chemistry, Fudan University, Shanghai, China). For
each particle preparation we determined the average of
the equivalent circular diameter of a total of 100 spheres.

Untreated and treated with ethanol SF spheres were
cut into powder with radii less than 40 pum, the samples
were mixed with KBr and compressed to KBr disks.
FTIR spectroscopy was performed with a Nicolet 5700
FT-IR (Nicolet Company, USA). The wave number rang-
ed from 400 to 4000 cm ™.

2.3. Cell Adhesion, Proliferation and Viability
Study

Murine fibroblasts cell line L-929 (Basic Medicine and
Life Science Academy of Soochow University, Suzhou,
China) was chosen to evaluate the influence of SF
spheres with different particle sizes on cell adhesion and
proliferation. 3 mg various SF spheres were put in a 24-
well tissue culture plate (TCP, Corning Inc., USA), and
then rinsed with tri-distilled water for 7 days followed by
sterilization with y-ray irradiation. SF spheres were
soaked with serum-containing medium for 30 min before
the fibroblasts were seeded so as to increase cell adhe-
sion. Murine fibroblasts at a density of 1 x 10’ cells per
well were seeded onto the SF spheres in 24-well plates
and blank culture plates for control experiments. The
medium used was 90% Dulbecco’s modified Eagle’s
medium (DMEM), 9.0% bull serum albumin (BSA), and
1.0% Streptomgein/Ampicillin (purchased from Sibas
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Biotechnology Co., Ltd., Shanghai, China). The cell-
seeded SF spheres were incubated at 37°C in 5% CO,
atmosphere, and the medium in the well was replaced
with fresh medium every other day. After 5 days in cul-
ture on microspheres, cells were fixed with 2.5% glu-
taraldehyde and then incubated overnight at 4°C. The
fixed microsphere cultures were washed twice with
phosphate-buffered saline (PBS), froze at —80°C for 2 h,
and freeze-dried for 36 h. Dry samples were platinum-
coated in vacuum and examined by SEM.

The proliferation of cells on SF microspheres was ob-
served by confocal scanning laser microscope (CLSM,
TCS-SP2, Leica Company, German). L-929 cells on
various SF microspheres and culture plates were labeled
with CM-Dil fluorescent dye, then were observed by
CLSM when incubated for 1, 3, and 5 days. Cultures on
SF particles were selected for cell counting on days 1, 3,
5, 7, and 9 in vitro by cell counting chamber after they
were washed twice with PBS and digested for 20 min
with trypsin.

The methyl thiazolyl tetrazolium (MTT) assay was
used to measure the cell viability. After 1, 3, 5, 7, and 9
days, 200 ul MTT dye solution (5 mg/ml in phosphate
buffer at pH 7.4) was added into each well. After 4 h of
incubation at 37°C and 5% CO,, the medium was re-
moved and formazan crystals were solubilized in HCI-
Isopropanol overnight. The optical density (OD) of for-
mazan was measured on a Synergy HT (BIO-TEK) mi-
croplate reader at 490 nm. Data were presented as means
+ SD. Statistical comparisons were performed using
ANOVA, and differences at P < 0.05 were considered
statistically significant.

3. Results and Discussion
3.1. Morphology of SF Microspheres

Process parameters included SF solution concentrations,
electrostatic voltage, solution flow rate, inner diameter of
needle, and collection distance, while electrostatic volt-
age and solution flow rate had deeper influence on parti-
cle size. Four groups of (a), (b), (¢), and (d) microspheres
with various diameters were obtained by changing elec-
trostatic voltage and solution flow rate (Table 1) in this
study.

From Table 1 and Figure 2, the particle size increased
significantly as the electrostatic voltage decreased and
the flow rate increased. The average diameters of group
(a), (b), (c), and (d) spheres were respectively 208.4 pm,
306.2 pm, 505.7 pm, and 727.3 pm.

The SEM images (Figure 3) showed that the SF parti-
cle was full of pores on its surface, exhibiting a porous
structure, and pore size on surface ranged from 0.3 to
10.7 um. These might be explained that during the freez-
ing process, when the temperature of water in SF solu-

Copyright © 2013 SciRes.

Table 1. The processing parameters of electrostatic diffe-
rentiation method and the average diameter of sf micro-
spheres.

Processing Parameters Diameter of SF
Groups Electrostatic Flow Rate microspheres
Voltage (kKV) (ml/h) (m)
(a) 9 0.9 208.4
(b) 9 2.0 306.2
(c) 6 4.5 505.7
(d) 6 6.0 727.3

Figure 2. SEM photographs of SF microspheres of groups
(a)-(d) in Table 1. Scale bar = 1.0 mm.

o T Toue 4
Figure 3. SEM photograph of SF microspheres. Scale bar =
1.0 mm.

tion was below ice point, ice nucleus was emerged due to
heat exchange. Because of supercooling, the chemical
potential of water in unstable SF solution phase was
higher than that of ice nucleus so that ice nucleus grew
into large ice particles [26]. SF solution around these ice
particles was concentrated accordingly, then the distance
between fibroin molecules in random coil shortened, and
the chain segments interfingered to form continuous fib-
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roin solution phase. SF microspheres with porous struc-
ture were gained after those ice crystals which were dis-
persed in fibroin phase sublimated. Pores around the in-
terior of microspheres were larger than those in center so
that the ambient structure was loose while structure in
center was compact respectively. During the freezing
process, the wall of particle touched liquid nitrogen first,
resulting that temperature in center was higher than it of
the wall and subsequently ice crystals grew to center
longitudinally. The water in SF solution was assembled
into larger ice particles with the function of the crystals
in the wall of SF spheres. Simultaneously, fibroin mole-
cules closed further to each other, then such structure of
loose around and compact in center formed after ice par-
ticles sublimated.

3.2. Condensed Structure of SF Microspheres

FTIR spectra (Figur e 4) indicated that untreated particles
(Curve a) showed absorption bands at 1651 cm™' (amide
I), 1536 cm™' (amide II) and 1235 cm™' (amide III),
which attributed to random coil and silk 1 structure.
However, the amide I, amide II and amide III bands
shifted to 1630 cm ™', 1520 cm™' and 1232 cm™' respec-
tively after being treated by ethanol, indicating that the
SF conformation mainly exhibited silk II structure. When
SF microspheres were in contact with ethanol aqueous
solution, the water could infiltrate between SF macro-
molecules and its interior, naturally silk fibroin swelled
up. On account of the osmosis of abundant ethanol and
water, they strove for water with fibroin, and lowered the
permittivity around SF macromolecules in the meantime.
Fibroin macromolecular chain segments were forced to
rearrange to form thermodynamically stable p-sheet
structure, then the water-insoluble SF microspheres were
obtained.

3.3. Cell Growth on the Surface of SF
Microspheres

L-929 cells were seeded on SF spheres of groups (a), (b),
(c), and (d) at a density of 1 x 10° cells per well in 1.0 ml
of growth medium and allowed to attach for 4 h at 37°C
with 5% CO, atmosphere in an incubator.

The SEM observation of L-929 cells cultured on SF
particles with different sizes showed that cells on spheres
were of high density and represented normal morphology
(Figure 5). Besides, cells adhered on SF spheres tightly
and evenly, pseudopods of cells linked to each other to
form cell-cell networks which were highly helpful to
intercellular signal transmission. On top of that, a mass
of extracellular matrix was precipitated in pores of SF
particles. All of these indicated that porous SF micro-
spheres could support cellular adhesion, growth and pro-
liferation.

Copyright © 2013 SciRes.
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Figure 4. FTIR spectra of (a) untreated (b) ethanol treated
SF microspheres.
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Figure 5. SEM images of L-929 cells on SF microspheres of
groups (a)-(d) after 5daysin culture.

Growth of L-929 cells on SF spheres was examined by
CLSM. SF particles appeared black while CM-labeled
cells presented red under CLSM; the single red point was
clear which revealed that cells were labeled well (Figure
6). Fibroblasts could adhere on various SF spheres, indi-
cating that cells were of good compatibility with SF ma-
terials. As the elongation of days in culture, the fluores-
cence intensity enhanced, showing that the number of
cells increased accordingly. These also specified that SF
microspheres could be conducive to the growth and pro-
liferation of L-929 cells.

In the early days of cell culture (1 - 5 d), cellular ad-
hesion rate of SF spheres was lower than that of cell cul-
ture plates due to cell inoculation (Figure 7). However,
after 7 days in culture, the number of cells on particles
increased significantly which could be explained that the
larger specific surface area of SF spheres offered ade-
quate space for cells. The existence of abundant pores
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Figure 6. CLSM images of L-929 cells cultured on SF microspheres of groups (a)-(d) for 5 days.
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was also favorable for cellular pseudopods extension,
intercellular and cell-surroundings signal transmission,
and extracellular matrix deposition. During culture pro-
cess, cells on various SF particles manifested different
growth state. As time increased, the number of cells on
smaller SF particles (208.4 um, 306.2 um) was obviously
more than that on larger ones (505.7 pm, 727.3 pm) ow-
ing to the larger specific surface area and more pores of
smaller spheres.

The quantity of viable L-929 cells on SF microspheres
with various sizes was estimated using the MTT assay
(Figure 8). After cultivation for 3 and 5 days, the num-
ber of viable cells on different particles increased rapidly
as evidenced by an increase absorbance compared with
that on day 1, and the ODyy of group A and B were
higher than the control. By day 7, microspheres showed
obvious superiority judged from the large discrepancy of

Copyright © 2013 SciRes.

Time (d)
Figure 7. L-929 Cells counts on SF microspheres of groups (a)-(d) (P < 0.05, P < 0.01).

the particles and the culture plates. These results sug-
gested that SF microspheres provided more space for cell
growth and proliferation, and spheres with smaller size
were more contributable to accelerate the proliferation
rate of cells for their larger specific surface area.

4. Conclusion

The fabrication of SF microspheres with controllable
sizes combining high-voltage electrostatic field differen-
tiating and freeze-drying technique was described, and
the structure of SF particles was induced by the ethanol
treatment. Murine fibroblasts L-929 could adhere tightly
on the surface of porous SF microspheres with diverse
diameters as the larger specific surface area of spheres
offered adequate adherent place for cellular vast prolif-
eration. The existence of plentiful pores further supplied
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Figure8. MTT assays of L-929 cell viability on SF particles of groups (a)-(d) (P < 0.05, P < 0.01).

better microenvironment for cellular pseudopods exten-
sion, and cell-external signal transmission. Particles of
smaller size were more conducive to cellular adhesion
and proliferation. Therefore, such porous SF micro-
spheres have a potential application as cell culture carri-
ers.
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