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Abstract

It is demonstrated that well-defined Raman spectra can be obtained from the dragline silk of theepdieredulisand that the Raman
bands also shift when the silk fibre is subject to mechanical deformation. This indicates that the protein molecules in the spider
undergo direct molecular deformation when the fibre is stretched. Hence, we demonstrate that the deformation behaviour of thi
polymer fibre is similar to that of high-performance synthetic polymer fibge999 Elsevier Science Ltd. All rights reserved.
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Among the several types of structural proteins produced consisting of rubber-like chains. He demonstrated that
by nature, silk proteins are of particular interest because of deformation of the silk fibre was similar to that of elast
their unique mechanical properties. The spider has evolvedmers reinforced with carbon-black particles.
a wide range of silk fibres for many different purposes with The spider's dragline reinforces the web and is t
surprisingly varied mechanical properties [1-3]. The drag- animal’s lifeline. The most important mechanical proper
line silk is a truly unique material. Although it is not as of such a fibre is its tensile stress—strain curve sinc
strong as some synthetic fibres, such as Kevlar [4,5], it is determines the response of the fibre to deformation al
much more elastic [1] (necessary for a web silk to catch fast the fibre axis. The stress—strain response of a high-per
flying insects). This allows it to absorb more energy prior to mance polymer fibre [5] is controlled by the ability of th
breaking than any commonly used synthetic material. A full molecules in the material to support the applied stre
understanding of the relationship between the microstruc- State-of-the-art Raman spectroscopy allows us to foll
ture and the mechanical properties of natural silk fibres will the deformation process in a variety of high-performan
lead to an increase in the understanding of the behaviour ofsynthetic fibres [5,8—13]. The wave numbefs;, of the
polymeric fibres in general, potentially resulting in the bands in the Raman spectra of these materials shift u
development of new synthetic fibres for structural applica- the action of stress or strain, which can be related directl
tions spun from aqueous solutions. the deformation of the individual bonds in the materials [

The fibre morphology of the dragline silk dfiephila The ability to obtain well-defined Raman spectra fro
clavipes has been investigated in detail by Grubb and spider silk filaments has been demonstrated by Gilles
Jelinski [6] through the use of a combination of wide- Viney and Yager [14] and this study is concerned with t
angle X-ray diffraction (WAXD) and small-angle X-ray application of Raman spectroscopy to a study of the def
diffraction (SAXD). They showed that the silk fibres mation of single spider silk fibres.
contained about 10—15% of sma# {0 nm) well-oriented The major ampullate dragline silk fibresiéphila edulis
crystals in a partially-oriented amorphous phase. They alsowere obtained by reeling directly from restrained but full
found that, when the silk fibre was deformed, the orientation awake spiders at 20 mm/s under room conditiorFC
of the crystalline material improved. The mechanical beha- and 50% RH). The spiders had been raised in the labora
viour of spider dragline silk has been modelled by Termonia and fed with houseflies. The silk fibres were collected a
[7] who envisaged the structure as consisting of a large restrained on small plastic frames (20200 mm) and were
number of small crystallites reinforcing amorphous regions examined using Raman spectroscopy within one month

collection. In order to determine the stress in the fibr
"+ Corresponding author. during deformation, the spider silk fibre diameters we
E-mail addressrobert.young@umist.ac.uk (R.J. Young) measured accurately using a Philips XL-series FEG-S
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Fig. 1. A typical stress—strain curve for a single filament of the dragline sikegthila edulis

They were coated with carbon and the SEM magnification atemperature of 23 2°C and a relative humidity of 505%.

was calibrated using a calibration grid with 2160 lines/mm. The stress was calculated from the mean diameters of ten
The silk fibres were found to range from 2480 in fibres from the same batch.

diameter and to be approximately circular in cross-section. A stress—strain curve for a single filament of dragline silk
Single filaments of the dragline silk with a gauge length of is shown in Fig. 1. There is a pronounced deviation from
50 mm were deformed in tension in an Instron 1121 linearity at a strain of about 2% corresponding to the yield
mechanical testing machine at a strain rate of 0.01min  point, leading to plastic deformation when the fibre is
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Fig. 2. Raman spectrum in the 800—1800¢megion for the dragline silk oNephila edulis
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Fig. 3. Raman spectra obtained at strains of 0 and 18% showing the shift in the positions of the positions of the 1095 and'R&®ambands of the
dragline silk subjected to stress.

subjected to further load. It is thought [7] that the yield point of the dragline silk oNephila edulisThe Raman spectra o
corresponds to the break down of a hydrogen-bonded single filaments of the silk were obtained using a Renish
network and the stress being transferred to the underlying 1000 Raman microscope system with a He—Ne laser so
amorphous chain structure. The tensile strength and failurewith a power of approximately 1 mW on the fibre. A
strain of the dragline silk at a gauge length of 50 mm Olympus BH-2 optical microscope was used to both foc
averaged from at least ten specimens were found to bethe laser beam on the specimen and to collect the scatt
0.8 % 0.4 GPa and 25 5% respectively. The major differ-  radiation. The laser beam was polarised parallel to the fi
ence between the spider silk and other high-strength axis and focused to give a spot size g in diameter on
materials, such as steel and aramid fibres, is not strengththe fibre surface. A highly sensitive Renishaw charg
but the degree that the silk fibres extend before they coupled device (CCD) camera was used to collect
break. This reasonable balance of stiffness, strength andRaman spectra. The band intensity and band position
extensibility makes the silk an ideal multipurpose material analysed using a Lorentzian fitting procedure.

for advanced biological network construction. Spider silkis  Fig. 2 shows the Raman spectrum obtained from a sin
a semi-crystalline material [1,2] composed of both flexible filament of the dragline silk dilephila edulislt can be seen
amorphous regionsxfand/or 3(1) helixes [15,16]), that are that a number of well-defined intense peaks can be obtai
made up of disordered chains of amino acids, and strong/between 800 and 1800 crhwith the Raman bands locate
stiff crystals B-pleated sheets), that consist of different sizes approximately at 854, 1095, 1230, 1450 and 1667t
of amino acid groups arranged into an accordion-like forma- being particularly well resolved. The Raman bands
tion. Additionally, the amorphous regions contain protein 1095 and 1230 cit are the most prominent in the spectru
chains that are on average about 15 amino acid residualsand were therefore chosen to follow the molecular defor
long [17-19], extended and held in partial alignment with tion. Although a full band assignment has not be
the fibre axis in the process of spinning [20]. Moreover, in undertaken for spider silk, it is likely that the 1095 ¢
air-dried silk the flexible part, poorly hydrated and occupy- band can be assigned to a disordered conformation of
ing about 70% of the total volume [20], is reinforced by a v(CC) skeletal band using the analogy of the 1085 tm
reasonable quantity of stiff crystals. These structural combi- band in polypeptide chains [21]. The other band located
nations result in the extreme toughness and optimal about 1230 cm* in the amide 11l region [14] is thought to
extensibility [6,7] that the spider uses to such great advan- be the same band as that found in silkworm sBloifnbyx
tage in its web. mori) related to a disordered conformation [21] or

As Raman spectroscopy is how established as an impor-B-conformation in synthetic polypeptides [22].

tant tool for the study of the deformation of polymeric fibres  Single-fibre deformation, again using a 50 mm gau
[5,8—13] it was chosen to follow the deformation behaviour length, was carried out using a deformation rig which
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LI B S S R R S fitted directly onto the Raman microscope stage. The fibre
e=0% N. edulis silk N was connected to a sensitive load cell to measure the applied
load and attached to a micrometer to control the fibre dis-
placement. The effect of deformation upon the positions of
the 1095 and 1230 cnt Raman bands is shown in Fig. 3 at
fibre strains of 0 and 18% where shifts in band position can
71— be seen lclearly. The sh.ift in the wave number of the
F e=59 1 1095 cm ™~ Raman band is represented in Fig. 4 where
i 77 7] peak position distributions are shown for 25 random
[ mean = 1093.94 7 7 measurements taken at different positions along a deformed
sd=1.30 a % 7 a a - dragline silk filament at 5% strain intervals. A similar distri-
L1 . 1] bution was also found for the 1230 ¢hhRaman band. In
1088 1090 1092 1094 1096 1098 both cases, the distributions shift to lower wavenumbers as
3T T T T Tk T the strain is increased. It can be seen from Fig. 4 that
oL e=10% 1 although there is some scatter in the data due to both instru-
mean = 1093.33 % % ] mental factors and local structural variations in the natural
sd =1.20 7 7 . fibre, the mean in the band position distributions shift signif-
0 7 oo . icantly by up to 5 cm?® at 15% strain. The dependence of
1088 1090 1092 1094 1096 1098 the peak position of the 1095 crthRaman band upon stress
6 — . is shown in Fig. 5 where it can be seen that there is an
1 Vi -1 . . . . .y .
0= 15% apprommately linear shift in band position up to the _po_lnt
7 of fibre fracture at about 1 GPa. Based upon similar
2 ] % ! mean = 1090.58 1 measurements upon five nominally-identical dragline silk
L 7 7 sd =057 ] fibres, the average rates of Raman band shift with stress
10188 ! 1090 ‘ 10'92 . 10'94 : 10'96 1 (dAv/do) were found to be—7.3+ 1.8 cnf/GPa and
1098 —14.8+ 2.2 cm/GPa for the 1095 and 1230 cihbands
Raman Wavenumber (cm”) respectively.
When a high-performance polymer fibre is deformed, the
Fig. 4. Histograms showing the distributions of the peak position of the stress applied is transformed directly into deformation of the
109_5 cnt Raman_band obtained at random along a single dragline silk fibre covalent bonds in the molecules aligned in the fibres [5].
subjected to strains of 0, 5, 10 and 15%. . . .
The deformation of these oriented molecules in both the
crystalline and the amorphous regions of the fibre cause a

L mean = 1095.28 1
r sd=0.70 N
I T g 1 ]
1088 1090 1092 1094 1096 1098

o N &~ O
T
|

o =2 N W bH

Frequency

-
T

I N T T T ! I

LI

1100 . , . ; . , . , ;

' '

1098

T
1

1096

—@

1094

1092

Raman Wavenumber (cm'1)

1090

1088 f 1 1 1 ' | " | "
0.0 0.2 0.4 0.6 0.8 1.0

Stress (GPa)

Fig. 5. Variation of the peak position of the 1095 thRaman band for the dragline silk with applied stress.




J. Sirichaisit et al. / Polymer 41 (2000) 1223-1227 1227

change in bond lengths, bond angles and internal rotationsupporting high stress. The stress-induced Raman b
angles, which leads to a shift in the Raman frequency for the shifts are direct evidence for molecular deformation taki
particular vibrational modes [5,23]. It should be noted that place within the fibres.

the significant rates of Raman band shiff:ddo, for the

dragline silk suggests that a high level of molecular stres-

sing takes place in the materials during deformation. In fact Acknowledgements
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ent fibres. The larger stress-induced shift of the 1230%cm
Raman band in the amide Ill region [14,24], on the contrary,
may be related to changes in the H-bonded network or other
structural reorganisation. There is, however, no .significa.nt [1] Volrath F. Scientiic American 1062:March:70-76
stress-induced Chaﬁge in the spectrum Irllthe amlde | region [2] Kaplan D, Adams WW, Farmer B, Vi,ney C. Silk polymers:material
[14] (1600-1700 c’). In fact the 1230 cm” band is prob- science and biotechnology, ACS Symposium Series, 544. Ameri
ably made up of a number of peaks and the shift may be due  chemical Society, 1994.

to changes in band intensity as well as peak position. This is [3] Vollrath F, Edmonds DT. Nature 1989;340:305-307.

clearly an area for further study. [4] Yang HH. Aromatic high-strength fibers. New York: Wiley, 1989.

: - 5] Young RJ. J Text Inst 1995;86:360—381.

The linear dependence of the 1095 cirRaman band {6} Gruth D, Jelinski LW. Macromolecules 1997;30:2860~2867.
position upon axial fibre stress shown in Fig. 5 is also  [7] Termonia Y. Macromolecules 1994:27:7378—7381.
very similar to the behaviour of a number of high-perfor-  [8] Young RJ, Lu D, Day RJ. Polymer International 1991;24:71—76.
mance polymer fibres such as aramids [5,8,9], polyesters [9] Young RJ, Lu D, Day RJ, Knoff WF, Davis HA. J Mater Sci
[.10]’ gel-spun pOI.yethylene [13] and rigid-rod polymer [10] :-(2?12\;/3-7\:(5‘:(301;;4;3. J Macromol Sci-Phys 1998;B37:83-118
fibres ' [11,12]. This Ilnea}r dependence upon stress has[ll] Day RJ, Robinson IM. Zakikhani M, Youn,g RJ. Poly‘me
been interpreted [10,25] in terms of the microstructure in 1987:28:1833—1840.
the synthetic high-performance fibres being subjected to an[12] Young RJ, Day RJ, Zakikhani M. J Mater Sci 1990;25:127—-136.
overall uniform stress during deformation, even though [13] Wong WF, Young RJ. J Mater Sci 1994;29:510-519.
local variations of stress may exist. Hence, it appears that[14] Gillespie DB, Viney C, Yager P. Silk polymers: materials science a
a similar continuity of stress must also pertain in the micro- g'gé?gg?ig’gi’ :Clgsf{g’.os'“m Series, 544. American Chemi
structure during the deformation of the dragline silk fibres of [15] kammerien 3, van Beek JD, Volirath F, Meier BH. Macromolecul
the spiderNephila edulis.Indeed this is a fundamental 1996;29:2920-2928.
assumption in the model of Termonia [7] that has been [16] van Beek JD, Kmmerlen J, Vollrath F, Meier BH. Int J Biol Macro-
used to predict successfully the stress—strain curve of spider _ Mol 1999;in press. .
silk fibres. Since thg differe.nt components in the silk micro- Hg \If\(/)?:; :r\é\i/’S\S?L}’(r;%g:gﬁ;a;':;';l]538175’)19%358:_28907'_306_
structure—the flexible chains and stiff crystals—have very [19] volirath F. int J Biol Macromol 1999 in press.
different properties a uniform stress means that the strain in [20] Gosline JM, DeMont ME, Denny MW. Endeavour 1986;10:37—43
the microstructure must be highly non-uniform. [21] Edwards HGM, Farwell DW. J Raman Spect 1995;26:901-909.

In summary, it appears that the uniqgue mechanical prop- [ggl >T<U8h9- F}’(ng in F_’ol;F/)mI Sci éggféégiig_l?;ss‘iss
erties of spider silk, good e>_(tensibility Co.mbin?d with high {24} M?)Snt:rlg, F'redr(czl)?(;r,]Bec:t)(,)T:Jzz(ZA, Kaysai'N,Tsukada M. J Raman Sp
strength, are a result of a microstructure in which the mole- 1998:29:297—-304.

cules are able to extend whilst also being capable of [25] Yeh W-Y, Young RJ. Polymer 1999;40:857—870.
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