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ABSTRACT

A protein natural biopolymer, silk possesses novel properties potential
for biomedical, cosmetic and pharmaceutical applications among others.
For such functions, Bombyx mori fibroin can be regenerated into gel, film,
powder and fibers. In this study, B.Mori fibroin wasregenerated into films
and electrospun nano fibers, and their secondary structure was evalu-
ated. Two aqueous sdlts (LiBr and CaCl,) were fixed and used to dissolve
silk fibroin, and their relative effect presented. Fourier transforminfrared
spectroscopy (FTIR) and Wide angle x-ray diffraction (WAXD) results
showed that untreated regenerated fibroin in film and nanofibers were
generally amorphous. It was thus concluded that the regeneration pro-
cess has a remarkable effect on the molecular weight and crystallinity of

KEYWORDS

Bombyx mori (B.mori);
Silk fibroin (SF);
Secondary structure;
Crystallinity;
Elecrospinning (ES);
Nano fibers.

fibroin. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

With acharacteristic repetition of anamino acid
backbone; silk 1, silk 1, and silk 11 arethethreemain
suggested structures of fibroin. Silk  isfibroininits
natural state, whilesilk I11-whichisstronger, isthefi-
broininspunsilk. Silk Il isardatively recent finding
and said to be basically formed in fibroin solutions at
interfaced™. Threesilk fibroin secondary structures
reported by Jnet . indude arandom structurewhich
isnot easy to align; an a-structure in absence of shear
force- congsting high fibroin concentrations, and a3-
structure induced under shear force or subjectionto
solvents, such asmethanol. Orientation of therandom
structureto either a or f-sheet conformations can be
achieved by treetment with solventsor physica shear®.
For their secondary structure, proteinsareidentified

commonly by thenineamidebandsamideA, B, and |-
VI, whereby the main vibrationa bandsinregard to
the protein backboneareamide | and [1187. Ingenerd,
the FTIR bandsfor analyzing silk fibroin, and so for
B.mori, have been reported toinclude mainly; amidel
(1700-1600 cmr?), amide 1l (1600-1500 cm™) and
amidelll (1300-1200 cnmt)i6819 Random coils and
—sheets are the main characteristic conformations of
thesecondary structureof B.mori silk fibroini*®*, Other
studieshave mentioned the a-helix asanother confor-
mation of silk fibroin, whichisknownto becloser to
therandom coil g2,

Regeneration processes of fibroin have been re-
ported toimpact the secondary structureof fibroin, in-
cluding the crystallinity!*¢29, A study by Um and co-
workers® on untreated regenerated fibroin reveal ed
strong FTIR absorption bandsat 1665 cm™ (amidel),
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1540 cnmr? (amide I1), and 1235 cm? (amide l11), as-
signedto random coils, and 1628 cm* (amidel), 1533
cmt (amidell) and 1265 cm® (amide 1) assigned to
B—sheets. Zhang et al.[?4 gudied FTIR asorption bands
of water solublesi Ik fibroin membranes and recorded,;
amidel at 1654.8cm™, amidell at 1554.1 cm™, amide
Il a 1242.1 cm* and amide V at 669.3 cm™, which
were assigned to therandom coil. With methanol treet-
ment, shiftsto B-sheet structure of these absorption bands
were noted at 1635.8 cm?, 1520.0 cm?, 1238.4 cm?,
and 682.9 cnt respectively. TABLE 1isasummary of
FTIR amide absorption bands, B.mori fibroin confor-
mations, andtheir vibration nature.

TABLE 1 : Amide wave numbers and protein secondary
structur ez,

Amidesand Wavelengths (cm™)

Conformation A (NH 1 (CO 11 (NH 111 (CN stretch,
stretch)  stretch) deformation) NH bending)

a-helix 3290-3300 1648-1660 1540-1550 1304-1313
1625-1640,

B-sheet 3280-3300 1690 weak 1520-1530 1219-1245

B-turns 1660-1685 1265-1291
. 1625-1660,

Random cail 3250 1640-1648 1520-1545 1257-1258

310-hdix 1660-1670 1265-1291

Aggregated strands 1610-1628

Amides- B, 1V, V, VI and VII have been found in ranges of 3100
cm-1 (NH stretching), 625 cm-1-767 cm-1 (OCN bending), 640
c¢m-1-800 cm-1 (out-of-plane NH bending), 537 cm-1-606 cm-1
(out-of-plane C=0 bending), and 200 cm-1 (skeletal torsion),
respectively*0-34,

Based ontheamount of observed B-sheet absorp-
tionsand theintensity of such peaks, the FTIR crystal-
linity, can beto estimate theamount of fibroin crystal-
linity33.

X-ray diffraction crystalography givesamorequan-
titativeandysisof crystdlinity and sofor the secondary
sructure. For example; fromWAXD studies, it hasbeen
recorded that thet thecrystdlinity of fibroinindegummed
B.mori fibers, generally lieswithin 40%-50%, while
regenerated fibroinisgeneraly bel ow 4094193637,

Thisstudy focused onregenerating fibroin, includ-
ing el ectrospinning. FTIR and WAXD wereused, to
study the structure of the regenerated specimens.

EXPERIMENTAL

Materials
Bombyx mori fiberswere purchasedin skeinform,
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from Zhgjiang provinceof China Cdlulosedidysstub-
ing (MWCQO; nomind: 14000) was supplied by Shang-
ha GreenBird Scienceand Technology Co. Ltd, China.
All the other reagents were supplied by Sinorpham
Chemica Co. Ltd, China, and wereusedintheir origi-
nal chemical analytical grade, assupplied.

Silk dissolution and preparation SF films

For degumming purpose, Bombyx mori silk fibers
were boiled in 0.5% (w/w)Na,CO, at 100 °C for 20
minutes, threetimes, whilerinsingin de-ionized water
after each boiling. Thedegummed fiberswerelet todry
at room temperature.

Inoneexperiment, degummed sk fibers(DS) were
dissolvedin 9.5M LiBrtoyield 15% (w/v), and then
heated at 60°C, while stirring constantly for 6 hours.
Thecooled sk solutionwasthen dialyzed against dis-
tilled water usng cdlulosediaysistubingfor threedays,
toremovethelithium sats. Thedialyzed solution was
filtered and subjected to evaporation (at room tempera:
ture), toyieddry silk fibroin (SFLiBr). In another ex-
periment, a solvent system consisting of CaCl.;:
methanol:water, intheratio of 1:2:8 wasusedtodis-
solvethedegummed silk. Thiswas aso madeto 15%
(w/w) and followed through dialysisand evaporation
toyielddrysilkfibroinfilms(SFCaCl.).

Prepar ation of thespinning dopeand el ectrospin-
ning

Separately, SFLiBr and SFCaCl,, were dissolved
in98%formicacid for 6 hours, yielding aviscous poly-
mer solution of 30% (w/v) concentration, which was
thenfiltered. Electrospinning was doneusing similar
fixed parameters for both kinds of SF. A 10 ml sy-
ringe, with astainless steel needle of 0.7 mm inner
diameter was used to contain theviscousdope. A DC
high-voltage was then connected to the tip of the
needle and the syringe was clamped onto a pump
(Cole-Parmer Instrument Co., Vernon HillslL, USA)
to point inthehorizonta direction. An auminum fail
sheet wasclipped onto agrounded thin metal board
and placed 20cm from thetip of the needle, to act as
thefiber collector. All dectrogpinning experimentswere
performed at room temperature (21 °C-25 °C) and
60%-75% humidity. The polymer flow rate and ap-
plied voltage during e ectrospinningwere 0.3 mi/hr and
15KV respectively.
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Fourier transform spectroscopy (FTIR), and wide
anglex-ray diffraction (WAXD)

A Nicolet NEXUS670 FTIR spectroscope
(Thermo Nicolet Co., USA) was employed to study
the several bandsrepresenting specific amide groups
and thesecondary structure of fibroin that characterize
thefibroin peptide backbone, for the generated speci-
mens. Specimensincluded; degummed B.mori fibers,
SFfilmsand el ectrospun fibers. The WA XD patterns
of thefibroin derivativeswere performed with diffrac-
tion angles, 26: 5°- 60°, on a D/max-2550PC
diffractometer (Rigaku Co., Japan) at 40 kV and 2000
mA using Cu/K-al radiation.

RESULTSAND DISCUSSION

Dissolution, dialysisand electr ospinning

Thesilk fiber easily dissolved, and after dialysis,
theyellowishto orange color faded to lighter intensity.
Formic acid-dissolved fibroin wasye low to brown, and
got deeper with time, dueto the gelation process pro-
moted by low pH and raising temperature. Filtration
wasimportant in getting rid of particlesand any pre-
cipitatesinthespinning dope. Thespinning solutionwas
used in 24 hoursto avoid gelation, which would have
madeit hard for the spinning dopeto go through the
needle. Random nanofiberswered ectrogpun from both
SFCaCl, and SFLiBr, informic acid.

FTIR spectroscopy

Structurd conformationa analysswasthemainrea:
sonfor thisevauation, andit was carried out withinthe
4000 cmt-500 cmt range (Figure 1af). Based on as-
sumption that degumming does not ater the secondary
and crystalinestructure of fibroini19, degummed silk
was used asacontrol/reference throughout the relevant
tests.

The major absorption bandsfor thesilk films ex-
hibited s milar shapesand closeintensities, and sowere
the electrospun fibers. Most peaks seem to broaden
andreducein height with further processing. Variations
can be attributed to the concentration differences of
fibroinin each specimen’s secondary form. The relative
variationsareaso anindication of shiftsinthecrysta-
linity and conformations(a-helix, B-sheet, random coils),
which are related to the peptide backbone. Our dis-
cussionwasmainly centered onamidel, Il and 111 as

basi c representativesfor fibroin protein.
Degummed silk fibroin (DS)

Amidel wasindicated between 1698 cm (weak
B-sheet) and 1622 cm™ (B-sheet, strongest) represent-
ing C=0 stretching. Amide Il showed absorption at
1514 cm* (B-sheet), representing CN stretching and
NH bending. Amidelll bands, sgnifyingthe CN dretch-
ing and NH bending were between 1258 cn (a-helix/
random coils) and 1229 cm™* (B-sheet). A strong and
intenseamideA bandisobserved a 3282 c(3-sheet)
indicating NH bending.

LiBr derived slk fibroin film (SFLiBr)

FTIR analysis showed a strong amide | peak at
1645 cm* representing ashift from B-sheet to random
coil structure, when compared to the degummed fiber,
initidly at 1622 cmrt. Amidell bandsshifted from those
originaly in degummed fiber fibroin, to between 1535
cm® (random coil/a-helix) and 1518 cm™ (B-sheet)- a
shoulder. Theshiftsinamidelll weremore pronounced
from 1229 cm* in DS, to another B-sheet position
at1239 cm?. TheamideA band initially at 3281 cm?
shifted alittleinwave ength, to 3283 cm* (B-sheet) but
lowered by 39%inintensity.

CaCl, derived silk fibroin film (SFCaCl.)

Amide | exhibited a strong absorption band be-
tween 1652 cm* and 1647 cm* (weak), assigned to
random coils'unordered structure, ddmost the sameas
in SFLiBr spectra. Therewasa so onevisibleamidell
absorption band at 1541 cm?, corresponding to a-he-
lix conformation. In comparisonto DSand SFLiBr, this
was astrong shift to random coil. Amidell wasindi-
cated at only 1242 cmt(B-sheet). A large shift in ab-
sorption was observed in amide A, from 3282 cm'?
initidly in DS, to 3291 cnm? (a-helix), with a reduction
inintengity dightly higher thanwasobservedin SFLIBr.
Intensity values of peaks were generally lower in
SFCaCl, than those for SFLiBr and DS. Moreover,
relativeto DS, the changesin absorbed wavel engths
tended moreto therandom coil or a-helix structure in
SFCaCl, thanitwasin SFLiBr. Thisisanindication of
higher reductioninthe crystalline secondary structure
and the concentration of fibroinin CaCl,, thanitwasin
SFLiBr.

SFLiBr eectrospun silk fibroin (ESLiBr)
ESLiBr showed acharacteristicamide | absorp-
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tion peak at 1651 cm* assigned to random coilsand/or
a-helix. This was a shift from 1645 cm? initsprevious
filmform of SFLiBr. Still, there was aweak band at
1717 cmt (C=0 and -COOH stretching), which could
be assigned to B-sheet, and traces of a-helix confor-
mation. Amidell spectral shiftswerevisibleat 1539
cnt (random cails, traces of B-sheet). The main amide
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[11 absorption peak observed earlier, at 1239 cmtin
SFLiBr shifted to 1241 cm™(B-sheet). Amide A was
exhibited at 3293 cm* (a-helix) with a much lower in-
tensity comparedtoinitial valuesin DSand SFLiBr.
For example, it waslessby 67% and 29%, rel ative to
that in DS and SFLiBr respectively, dthough they were
at different wavelengths.
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Figurel: Extract of individual FTIR spectrafor thefive specimensshowing amideabsor ption bands. a. Degummed silk (DS)
b.LiBr derived fibroin film (SFLiBr); c. CaCl2 derived fibroin film (SFCaCl2); d. Electrospun SFLiBr; e. Electrospun
CaCl2. Thearrowspaint to specificabsor ption bandswithin Amidel-V,Aand Bregions, f.acombined FTIR spectral analysis

for thefive specimens.
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Figure2: Comparison of theWAXD patter nsfor thefive specimens. a- Degummed silk (DS); b- LiBr-derived fibroin film
(SFLiBr); c- CaCl2-derived fibroin film (SFCaCl?2); d- Electrospun SFLiBr; e- Electrospun SFCaCl2. The Origin softwar e-
drawn curveswer e smoothed by the Savitzky-Golay filter.

SFCaCl, éectrospun silk fibroin (ESCaCl,)

Themajor FTIR absorption band for amidel was

at 1652 cmt, almost asthat in ESLiBr, both assigned
to random coilsand/or a-helix. The slight difference is
noted intheintensity, whereby it was more pronounced
in SFLiBr spectra. A characteristic B-sheet structure
wasrecorded at 1242 ct for amidelll. AnamideA
absorption band isrecorded at 3291 cm?(o-helix struc-
ture).

Comparing thefivegraphs, FTIR absorptionsin

amideA were between 3280 c and 3300 cm?, indi-
cating amixtureof both f—sheet and a-helix structure.
However, the-sheet indications weremorein DSfol-
lowed by SFLiBr and then SFCaCl.,. They werelessin
electrospun fibers. Apart fromthe similarity in shapes
of several bands, therewere no clear smilar peaksin
termsof wavelength and intensity figures. Therewas
progressivereductionin theintensity of prominent ab-



RRBS, 7(2) 2013

Edwin Kamalha et al. 81

sorption bands, as processing went on after degum-
ming. Thismay be partly attributed to lossin fibroin
concentration, crystalinity andthusthemol ecular we ght.
Preliminary deduction presentsfibroinin regenerated
products as having more random/unordered structure
than B—sheet structure, when compared to reference
(degummed) fibers. Fromintensity of absorption bands,
LiBr derivatives seem to have more 3-sheet structure
compared to CaCl,, derived fibroin. Thisresult could
be attributed to the nature and severity of each aque-
oussolution.

For better conclusions, WAXD analysiswasused
to provide a quantitative estimate of the secondary
structurecrystdlinity of fibroin.

Wideanglex-ray diffraction (WAXD) structural
analysis

WAXD wasused to predict thecrystalline nature
and corresponding secondary conformationsfor each
specimen. A peak search report and analysis(TABLE
2 and Figure 2) were performed, including calculation
of d-spacings (A) and the percentage crystallinity.

TABLE 2 : Summary of the main characteristic WAXD
results.

Specimen 2Theta (20) d-spacing d(A) Conformation Crystallinity

9.616 9.1903 Silk Il (B-Sheet)

DS 20.956 Silk Il (B-sheet)
24.897 Silk |

Silk I1(B-sheet)
Silk I
Silk I
Silk I
Silk I
Silk I

Silk 11 (B-sheet)
Silk I

4.2585 46.37%

3.5733

16.833 5.2626

19.700 4.5028
SFLiBr 19.26%
25.166 3.5358

28.021 3.1817

15.994 5.5368

19.480 4.5532

SFCaCl, 16.26%

21.065
25.567
9.040
22.496
23.141
9.797

4.2140
3.4813
9.7747
3.9490
3.8403
9.0204
23.113 3.8450
23.151 3.8388

Conformations allocated to x-ray diffractions, with reference
from 10,12,13,19,30-32,34,35,38,39,42

ESLiBr Silk | 21.64%

ESCaCl, Silk 1 18.28%

Thecrystallinity valueswere computed using the
method stated by Hermans and Weidinger™, and
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Weidinger and Hermans®. These results show are-
markabledecreaseinthecrystalinity of fibroinwith fur-
ther processing as compared to theoriginal fiber. As
earlier observedintheFTIR analysis, thisisan attribute
of reduced molecular weight during dissol ution and di-
ayssof thedlk.

Asnotedin TABLE 2, LiBr derived regenerated
fibroin had higher crystallinity compared to CaCl,, de-
rived fibroin, which could be attributed to thefact that
during the protein solubilization in the CaCl,, ternary
system, many amide bondsinthesilk molecular chains
undergo separation. Also, disparitiesinthe quantity of
resdua sdtsafter diayssmay causethedight observed
differenceinthe crystallinity of fibroinfilms. Within-
creaseintheconcentration of fibroin, it becomesmore
difficult to extract moresdtsby diaysis. Again, lithium
isparticularly hasty to bediayzed duetoitshigh afinity
for silk fibroin“44, henceitsderivativesmay show more
crystdlinity than CaCl, derivedfibroin. Of course, there
area solapsesin dissol ution conditions such astem-
peratureandtime.

Thedlight observedincreasein crystalinity of fi-
broinin electrospun fibers, compared to fibroinfilms
can be explained by two factors; First, theuse of for-
mic acid during e ectrospinning, which induces hydro-
gen bonding and a so re-orientation of random or heli-
cal structuresto af-sheet structure conformation. At
low pH va ues, thefibroin undergoesgel aion; anindi-
cation of increasein bonding. However, thisfactor was
not evidently supported by the WAXD patterns of
el ectrospun fibers, as such characteristic peaksof the
B-sheet or silk II were absent. Another factor is that
during el ectrospinning, from thetime of g ectionfrom
theneedle up to deposition on the collecting plate, the
fibersundergo e ectrostatic stretch duetodectricfield.
Thiscausesre-alignment of molecular chainsinthefi-
bershence contributing to someleve of induced crys-
tallinity. Thisfactor could be solely responsiblefor the
dightincreasein crystalinity observedinthedectrospun
fiber fibroin compared to thefilms. Nevertheless, the
effect of thesetwo factorswasnot significant totrans-
lateinto higher cystdlinity compared tothe DSfibroin.
Most diffraction peaksin thefilmsand € ectrospun fi-
berswerearepresentation of silk I, which accountsfor
theamorphousstructure of fibroin. Thestrongest crys-
tallinepeak, usudly at 21.00, wasonly observed in DS.
In other specimens, thispesk wasether absent or shifted
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dightly. Ingenerd, thediffraction patternsof ectrospun
fibersweresimilar, except for theobserved difference
inthemagnitudesof crystalinity. Thisfactisa sotrue
forthefibroinfilms,

CONCLUSION

Silk fibroin wassuccessfully regenerated using con-
centrated agueous|ithium bromide sol ution and aneu-
tral CaCl,:Water:Ethanol system. Collaborationof FTIR
and X-ray resultsreved ed that thereisan appreciable
amount of fibrointhat iscontained in regenerated silk.
Thisfibroin, without treetment, ismainly silk I, charac-
terized by mainly random coilsand a-helix structure.
Also, the e ectrospinning process doesinduce some -
sheet crystdlinity to nanofibers, throughintrahydrogen
bonding dueto acid effect, and re-alignment caused by
electricfield stretching. Our findings suggest that the
type of solvent used to dissolvesilk hasinsignificant
effect on the structure of nanofibers, and regenerated
fibroin. Resultsa soimply that fibroin undergoes deg-
radation (lossof molecular weight) and loss of second-
ary structure crystallinity during regeneration. Hence,
an agqueousenvironment dsofacilitatesthetrangtionto
arandom structure. Lastly, it wasfound that untreated
regenerated fibroinislargely amorphous. Our results
arepatidly consstent with findingsby Zarkoob et d .
and Wang et al .*8l,

AREASFOR FURTHER STUDY

We observed that the dissol ution propertieslargdy
influence the mol ecular weight of regenerated fibroin.
Our ongoing study isexploring the effect of factorsin-
cluding dissolution temperatureand dissolutiontimeon
the secondary structureof sk fibroin. Wearea so sudy-
ing treatmentsto improve crystallinity of regenerated
fibroin.
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