July 3-4, 2012, Bangkok Thailand

RMUTP International Conference: Textiles & Fashion 2012 { P

EFFECT OF CALCIUM CHLORIDE ON ELECTROSPINNING OF
SILK FIBROIN NANOFIBRES

Nongnut Sasithor and Lenka Martinova?

" Technical University of Liberec, Faculty of Textile Engineering, Department of Nonwovens
2 Technical University of Liberec, Centre for Nanomaterials, Advanced Technology and Innovation
Studentska 2, 46117 Liberec, Czech Republic

nongnut.s@rmutp.ac.th', lenka.martinova@tul .cz

Abstract: Silk fibroin is one of the candidate materials iilomedical application because it has good
biocompatibility and minimal inflammatory reactidelectrospinning is a simple method capable of peatty
nanofibres for biomedical applications. This stwhs focused on the production of a nonwoven sheet §ilk
fibroin using a needleless electrospinning methatl@ncentrated on an alternative way of spinngigti®n
preparation by using a mixture of formic acid aattimim chloride as a solvent. The effects of saftaentrations in
formic acid and the voltage of electric field obré morphology were studied. It was observed thabfibre has a
good uniform fibre distribution on the nonwoven sty increasing the applied voltage. Calcium dtincreases
the solubility of silk fibre in formic acid with @t% calcium chloride being preferred. The silk nfiio@s had
diameters ranging from 200 to 2300 nm.
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1. Introduction

In recent years polymer nanofibres have gained iderable attention as promising
materials with many possible areas of applicatior tb their unique properties such as a high
specific surface area, small pore diameters, higiffiase to weight ratio, and good barrier
characteristics against microorganisms [1,2]. Ttey be used as filters, wound dressings, tissue
engineering scaffolds etc. There are several methimd produce fibres at a nanoscale,
electrospinning is one of these methods that hemedanuch attention because it is an effective
method for the manufacture of ultrafine fibres ordis structures from both synthetic and
natural polymers with diameters ranging from selvengrometers down to tens of nanometres
[3]. In the spinning process, a high voltage isduse create an electrically charged jet of a
polymer solution or a molten polymer. This jet @lected on a target as a non-woven fabric.

Silk fibroin is the protein that forms filaments sitkworm and gives high mechanical
strength, elasticity and softness. In additionh® dutstanding mechanical properties, silk fibroin
is a candidate material for biomedical applicati@tause it has a good biological compatibility,
good oxygen and water vapour permeability, bioddgpdity and minimal inflammatory
reaction. Silk fibroin can be used in surgery aplant material as well as for tissue engineering
applications in the form of non-woven membranesfdnés or in the form of woven membranes
and fibres. It has been demonstrated that silliibderived scaffolds may have a wide range of
applications in the fabrication of replacementuessHowever, recent studies demonstrated that
the sericin glue-like proteins are the major cause dvease problems and the biological
responses to the fibroin fibres appear to be imguaf/sericin is removed [4].
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In order to regenerate silk fibre into a membrar@woven mat or nanofibre sheet, the
preliminary dissolution of silk fibre is required prepare the spinning solution. Natural silk
fibres dissolve only in a limited number of solv&ntlose packing of the polypeptide chains in
the protein is possible due to their presenceliroih which has a large quantity of glycine and
amino acids with hydrocarbon side chains. Consdtydrydrogen bonds are an important bond
in the conformation and structure of the fibroirheTinfluence of hydrogen bonding on the
stability of fibroin molecules can be shown by #ese of dissolution of the protein in known
hydrogen bond breaking solvents [5, 6].

Fibroin does not dissolve in water or in the mayoof organic solvents but only swells to
30-40%; two thirds of the absorbed solvent is ndiby the amorphous fraction of the polymer.
Fibroin can be dissolved in concentrated aqueodstisos of acids (phosphoric, formic,
sulphuric and hydrochloric) and in high ionic siyém aqueous salt solutions such as lithium
bromide (LiBr), calcium chloride (Cagl| zinc chloride (ZnG), magnesium chloride (Mggl
[5]. The main disadvantage of a salt-containingemys solvent is the long preparation time due
to the fact that aqueous solutions of fibroin shoé dialyzed for several days to remove the
salts and to recover the polymer as a film from algegeous solution by dry forming. In some
component organic solvents e.g. hexafluoroisopropand hexafluoroacetone, fibroin can be
dissolved only after its preliminary activation @igsolution in aqueous salt systems [7].

This study focused on the production of a regeedrabnwoven silk fronBombyx mori
silk. The experiment intensively concentrated om alternative way of silk solution preparation
for electrospinning by using a mixture of formiagchand calcium chloride as a solvent.

2. Experiment

2.1 Materials
The silk cocoon used in this experiment vigasnbyx mori Linn. (Nang-Noi Srisakate 1)
from Amphoe Mueang Chan, Si Sa Ket Province, Thdil&CE Phosphate Reference Detergent
FBA free (Union TSL Co., Ltd.) was used as soapggnt for degumming. Calcium chloride
(Fluka AG, Switzerland) and 98% formic acid (Per@aech Republic) were used as the solvent
for spinning solution preparation.
2.2 Preparation of spinning solution
- Degumming process
Raw silk cocoons were degummed twice with 1% sodiarbonate and 0.5% soaping
agent at 100C for 30 minutes (the ratio of raw silk cocoon odegumming solution was 1:30),
then rinsed with warm water in order to remove gkecin (silk gum) from the surface of the
fibre and then dried at room temperature.
- Slk fibroin solution preparation
silk fibre was dissolved in 98% formic acid. Thenfic acid solution used in the process
contains 1-8 wt% calcium chloride. The silk fibroboncentration was fixed at 8 wt%. The
solutions were mixed by magnetic stirring at ro@mperature for 6 hours. Viscosity of the
solution was measured by HAKKE RotoVisco RV1
2.3 Electrospinning
A schematic representation of the equipment usatianexperiment is illustrated in
Figure 1. A high voltage in the range of 20 kV @ B/ was applied to the spinning solution.
Electrospinning was carried out at a distance ot the temperature was+20°C and air
humidity was 382%. The morphology of the electrospun fibres waangred by a scanning
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electron microscope (SEM, Phenom FEI). Fibre diamets determined by using NIS-Elements
AR software. About 100 randomly selected fibres evased to determine the average fibre
diameter and their distribution.

L

/ N
Grounded collector
Nanofibre sheet

Polymer solutlon\

€<—High voltage source

(a positive electrode)

Figure 1: Schematic of a simple electrospinning experiment
3. Results and Discussion

- Effect of salt concentration on solubility of sk fibroin

Silk fibroin cannot dissolve in formic acid becauddarge quantities of glycine and amino
acids with hydrocarbon side chains as well as cfumeking of the polypeptide chains. In this
work calcium chloride was used to increase solybif silk fibroin in formic acid; spinning
solutions with 2 - 5 wt% calcium chloride could heed but 2 wt% calcium chloride was
preferred. It is suggested that calcium chloride &&haotropic property that disrupts stabilizing
intra-molecular forces such as hydrogen bandslk fibroin structures by shielding charges and
preventing the stabilization of salt bridges. Hyglo bonds are stronger in nonpolar media. Salts
which increase the chemical polarity of the solveant also destabilize hydrogen bonding. They
will make hydrophobic proteins more soluble [5, 8].

In this experiment, spinning solutions with 6-8 wt#cium chloride were not successful in
electrospinning; besides, silk solutions tend tndsform into a gel after being left at room
temperature. It is possible that calcium cationa {ICcan also enhance rates of the gelation of
Bombyx mori silk with an increase in calcium chloride concatitm. Gelation can occur at room
temperature and the time of silk fibroin gelatiGgteases [6, 10].

- Effect of salt concentration on fiber diameter

Scanning electron micrographs at various salt aunagons and the average fibre diameter
of obtained fibres are shown in Figure 2 and Tdbleespectively. The results show that there is
a significant increase in the mean fibre diametéh van increase in the calcium chloride
concentration. It is possible that the additionasfic salt may cause an increase in the viscosity
of the solution (results are shown in Figure 3)ughalthough the conductivity of the solution is
improved, the viscoelastic force is stronger thhe tolumbic force resulting instead in an
increase in the fibre diameter [11, 12].
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Table 1: Effect of concentrations of CaCl, on average fibre diameter

Gk | sounmy | remefber | gp, | Memem | v
0 Swell able

1 Partially soluble

2 Soluble 380 115 205 718
3 Soluble 505 109 301 966
4 Soluble 824 268 403 1533
5 Soluble 1042 400 436 2326
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Figure2: SEM micrographs of silk nanofibres prepared from 8 wt% silk fibroin at various

SECTION |



July 3-4, 2012, Bangkok Thailand

RMUTP International Conference: Textiles & Fashion 2012 { P

concentrations of CaCl; by a) 2 wt%; b) 3 wt%; c) 4 wt%; d) 5 wt%
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Figure 3: Rheological behaviour of silk solutions prepared from different salt concentrations

- Effect of applied voltage on fibre diameters

In order to study the effect of the electric fi@d fibre morphology, a silk solution with
calcium chloride 2 wt% was electrospun with a vgdtédbetween 20 kV and 50 kV. Scanning
electron micrograph at different applied voltageshown in Figure 4. The results show that the
variation of applied electric fields had a lessnffigant effect on the average fibre diameter but
produces an influence on the uniform fibre disttidau of the obtained nonwoven sheet. It is
suggested that a higher voltage will lead to grestieetching of the solution due to the greater
columbic forces in the jet as well as the strorglectric field. These have the effect of reducing
the diameter of the fibres. Higher applied voltageises multiple jet formations which would
provide uniform fibre distribution and broad filbieameter distribution.
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and 2 wt% CaCl, by a) 20 KV; b) 25KV ¢) 30 KV; d) 35KV €) 40 kV f) 45 kV: g)50 kV.
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Figure 4: SEM micrograph of silk nanofibres prepared from the mixture of silk fibroin 8 wt%
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Figure 5: Histogram of silk nanofibres prepared from the mixture of silk fibroin 8 wt% and
2 Wt% CaCl; by a) 20 kV; b) 25 kV; c) 30 kV; d) 35 kV; €) 40 kV f) 45 kV; g) 50 kV

4. Conclusion

"

The solutions of silk fibroin in a mixture of formiacid and calcium chloride were
electrospun into nanofibres by a needleless elguinaing method. Effects of salt concentrations
in formic acid and the voltage of electric field dibre morphology were examined.
Concentration of calcium chloride played an impatteole in silk solution spinability and the
diameter of the obtained fibres. An increase of sahcentration leads to an increase in fibre
diameter ranging from 200 to 2300 nm. Concentratmi2-3 wt% calcium chloride seem to be a
suitable amount for improved solubility of silk fdn in formic acid. The results show that this
could be a new direction in the preparation of sohs for electrospinning from silk fibroin.

SECTION |



RMUTP International Conference: Textiles & Fashion 2012 | ' 1
July 3-4, 2012, Bangkok Thailand

5. Acknowledgements
This work was supported by the Technical UniversityLiberec, Faculty of Textile
Engineering and Centre for Nanomaterials, Advaricachnology and Innovation.

References

[1] Nerem R.M.; Sambanis A.: From Biology to Bioloal SubstitutesTissue Engineering, Vol.
1 (2007), pp. 3 - 13.

[2] Stankus J.J.; Soletti L.; Fujimoto K.: Fabricat of Cell Microintegrated Blood Vessel
Constructs Through Electrohydrodynamic Atomizati@wmaterials, Vol. 28 (2007), pp.
2738 - 2746.

[3] Amiraliana, N.; Nouri, M.; Kishb, M.H.: Effestof Some Electrospinning Parameters on
Morphology of Natural Silk-Based Nanofibedsurnal of Applied Polymer Science, Vol. 113
(2009) pp. 226 - 234.

[4] Amiraliana, N.; Nouri, M.; Kishb, M.H.: An Expenental study on Electrospinning of silk
fibroin, http://www.docstoc.com/docs/2629208@cessed: 2011-05-02.

[5] E. S. Sashina, A. M. Bochek, N. P. NovoselovADKirichenko.: Structure and Solubility of
Natural Silk Fibroin,Russian Journal of Applied Chemistry, Vol. 79 (2006) pp. 869 - 876,
ISSN 1070-4272.

[6] Menachem, L.Handbook of Fiber Chemistry, CRC Press Taylor & Francis Group, ISBN 0-
8247-2565-4, the United States of America (2007).

[7] Freddi, G.; Pessina, G.; Tsukada M.: Swellimgl @issolution of silk fibroin Bombyx mori)
in N-methyl morpholine N-oxidenternational Journal of Biological Macromolecules, Vol.

24 (1999), pp. 251 - 263.

[8] Armato,U.;, Pra, I.D.; Migliaresi, C.; Motta,,AKesenci, K.: Method for the Preparation of a
Non-Woven Silk Fibroin Fabrics. US Patent 728583¢tober 23, 2007

[9] Um, I.C.; Kweon H.Y.; Park, Y.H. ; Hudson, Structural characteristics and properties of
the regenerated silk fibroin prepared from formoedalnternational Journal of Biological
Macromolecules, Vol. 29 (2001) pp. 91 - 97.

[10] Veparia, C.; Kaplana D.L.: Silk as a biomat&rProgress in Polymer Science, Vol. 32

(2007) pp. 991 - 100.

[11] Ramakrishna, S.; Fujihara, K.; Teo, W.E.; Lim, T.®4a Z.: An Introduction to
Electrospinning and Nanofibers, ISBN 981-256-415-2, World Scientific Publishingp.C
Pte. Ltd., Singapore.

[12] Andrady, A.L: Science and Technology of Polymer Nanofibers, John Wiley & Sons, Inc.,
ISBN 978-0-471-79059-4, the United States of Anee(R008).

[13] Zhu, J.; Shao, HHu, X.: Morphology and structure of electrospuntsmi@om regenerated
silk fibroin aqueous solutions with adjusting pHiternational Journal of Biological
Macromolecules, Vol. 41 (2007), pp. 469 - 474.

[14] Amiraliana, N.; Nouri, M.; Kishb, M.H.: Strugtal Characterization and Mechanical
Properties of Electrospun Silk Fibroin Nanofibdats. Polymer Science Series A, Vol. 52
(2010), pp. 407 - 412. ISSN 0965-545X

[15] Lubasova, D.; Martinova, L.: ControlledMorpbgly of Porous Polyvinyl Butyral
NanofibersJournal of Nanomaterials, Vol. 2011(2011).

SECTION |



