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protein material may be a protein silk fiber. The
yield stress of the protein fiber may be nore than
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of an invertebrate species that is able to extrude a
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120 absence of the stinmulus, and c) collecting the

enhanced protein material extruded by the animal. The

i nvertebrate species may be a sil kworm species. The
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In another aspect there is provided a method of formation of an enhanced silk

fiber, the method comprising the steps of:
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The term ' natural protein material' and nore
specifically the term'natural protein 155 fiber’
that in the disclosed enbodinent is a silk fiber, is
to be |nterpreted to include any fiber materi.al
WP20EEH r om an ani mal capabl e of producing ST@F@?HWN&W

fiber in the customary production environnent,
nmeani ng not in a specificslaboratory envi ronnent. In
WO 2008/ 033104PCT/ SG2007/ 000307 6 the context of the

- discl osed enbodi nent the "natural protein material "
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bathe bellolvding R6rds il e uskd Bersintshillteve tﬁelnﬁaﬁﬂdg indicated,

t i cal uantltle ave fi S '
t 0 B B S o St SRBF MR IORRe SEEEtor DO gl o a
protein 3R &N giiakbs, foir Which $ékGNAER two terinb Brefukdddfiteichangeably.
neasureq by the "breaking stress t i s the amount
oflbe {qrpsBatial pRteimmatetils éﬂ%m?ﬁépwiiféﬂyfb& tee BRETa proicin

fiber’ ItRat @X Blc@BRRAcd BmbdithéntGé a BIESBH] B 10be Eﬂﬁﬁx@i(e% to include any
a =

eC]UI vaI ent to one ne ?p?.tr!]]@fer sguare net er
fiber pyatepinl that és smmoﬁ'gatqno c%m%‘efq FEpducmg Rsetsiyy her gy the
totnh profuBRd B8iphhalt meardif}aot ki a 5ieisR TEYSRtord bndifonieht. In
cusoe%ﬁlglted by the fﬁber at f%e %reaklng pd?ﬁt




160

165

170

175

180

185

' arﬁdﬁtg E)f ﬁg(gg

and it is expressed as a percentage of the original

| ength of the fiber prior to elongation. 7 The
of the fiber is neasured by the "breakin

"t oughness”
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break the fiber; this is expressed in units of energy
per unit mass of the fiberéor kilo Joule per kil ogram
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causepthe §ber3s bEARGEHS SGAOAEIAADRERE df pressure or Pascal, equivalent to one
newton per square meter (Pa = N/m?). The “elongation” of the fiber is measured by the
“breaking strain”, that is the amount of strain exhibited by the fiber at the breaking point,

and it is cxpresée& as a percentage of the original length of the fiber prior to elongation.
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an illustration of an effect of an electric field
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illustration of an apparatus used in a disclosed
enbodinent; FIG 5 illustrpates nechani cal properties

by a stress vs strain curve; FIG 6 shows contour

| ines of a breaking stress of the enhanced protein
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material 12 is obtained 26 upon conpletion of the
same standard production process 14 by which the
natural silk 18 260 is routinely produced 28.
FIG 3 illustrates the effect of the stinulus 24 on a
silking silkworm 32, in the present enbodi nent. One
silkworm 32 is placed in a conpartnent 36 bel ongi ng
to an array 38 of conpartnents. The stinmulus 24, in
t he enbodi nent being the electric field associ ated
with a voltage 34, is applied across the array 38 of
conpartnments that is 265 sandw ched between two neta
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270 silkworm 32 to the electric field. On the other

hand the separation distance 53 should be |arge

enough to ensure proper ventilation of the silkworm
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at least 1.5 cm (i.e. the approximate di aneter of the

'silk worm body) and nore pgeferably about 5 cmto

about 6 cm FIG 4 illustrates an apparatus 40 used
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fiber. Afirst part 60 of the curve 58 is |linear. The
curve starts to deviate fromthe first linear part 60
at a yield point 64, thus Showing a yield stress 66
and a yield strain 68. The slope of the first |inear
part 60 is Young's elastic nodulus (el astic nodul us
or Young's nodul us) defined as the yield stress 66
divided by the yield strain 68. The el astic nodul us
measures elasticity or stiffness. The silk fiber

- breaks at a breaking point 310 70, thus show ng a

breaki ng stress 72 that neasures strength, and a

breaking strain 74
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t hat neasures elongation. A breaking energy 76 is an
amount of work needed to break the WO
2008/ 033104PCT/ SG2007/ 000307 11 silk fiber, it is
werzead/038@4an area under the stress 54 vs str &CH/SE6007/000307
curve 58, and it neasures toughness 315 Met hod of
measur ement of mechani cal gproperties FIG 2
shows the enhanced protein nmaterial that is a silk
fiber 12 after collection 26, and the natural silks
18 (that is, the control silk or the cocoon silk)
.cafter. cou cet.i on .g8. An anount of 20-30 fibers are
YLHR | om each of 5-10 ordi nary cocoons

16 Fz?mm{k 18@; g%mwmﬁmaﬁym ieiis leﬁ]ﬂgdgé qfcr@)tgiﬁ Jﬂftirgl that
. t.qt -, at ura cocoon . si A
is o 5 Srer T e ioigrsft 4 HEMe RO Lot B tBary hingns
16, BachcdE cboobfl GRRHisRl ik sIRGQORS: Bhitineha cBitREkdtve way.
anounting to a caontrol fiber collection of a

field ; ) ; . @
To progfugs g enigesd Rstoimairal LeoRlmeTsi2 % wipiseied to e ptimulus
24. @hfidn6ed doBbshs 20 BB Sin AL edbaRRM §R6Mn BllerBIPY e
-~ of 20-30 fibers are randomy sel ected from each -of
handied) w1tk {he, sag s@pdasd pEodigtion, RGeS IHgast Be prdispmiageseeps 16

com?:ii’sﬁ&ﬂth@ Qitﬁr@lcs{ir]!ﬁ Q8. erdore Ql‘ielaénh&{ceé- QRrdsR-RRNENGE G#Jt%!?]d(%

bers. 325 The mechani cal properties conprising the
upon Goginiptisp pEike sanehangdprd prodiction proceshidt iyt wkirh g neturadsidk 18
is rohfdRIJUrSRiE R strain, the breaking energy and the
el astic nodulus, are tested at a roomtenperature .
2 2FIoy 3Qllnvietes theurfiagh of)/the 5tnn2e24 Thei silkimg pekivorem 82| in the
L Less . L ng .
eGSR, OB R RUTLATAIN Bl sg ptnsiog o o
arrayod il pheomypaftinbess. Thel stiewitisci; it fee cobodiment Heirgethe electric field
=k 100, the hance i her | l.ection 330,.for
assoffibd i, €Vl B BParBIF ARG, e ey % r Fopdnaie el
sandyXivhéh bttoreoMvwer mies platesi ¥, eepatatndelsl 4 ocpamdion tistanbe 53. The

cleotiHER XA LML SRR TR Sl LiOo Bl LgnS) e HABRES: con
be equhl tb lzérlt],sih Mﬁ]dhgasegge éled:ﬂi'ig)ﬁ?lid ;Sga cfdggaﬁ e&ﬂﬁ? iﬁﬁﬁng‘léﬁi(dgbaér?ion
distafl S noild B bl S0u sl SRfome Gl 4 Rieridingta

applied et i the arrins 38 tof elogipadimett,i fesilinddeadtsl Agsbrkienesd bAiech

On

sitiwih 87 e Peue il O S other het e Aene Bl Sigan b3 shopagbe

large &ppd..g‘hetdf @ibihrephaper i(vSntil&tﬁmaifelﬁié rsﬂJﬁW(fﬂneifoJ Aftﬂ?&n@&\y BaBle
.ZeJ, r uen nst ant _.el ectril c | e , .Oor a.

separigp AR Eor P AN |- Roolis ADPrRYmEe dametdr of e sif o

bodyFdn@norSpfighbly AMBuCHEn $Csbothetm. I N either case, the

el ectric field depends on the applied 34Q voltage 34
aﬁiét hdlluspisy o pensrans O pecd Ion spusclipg ther fkvpres 275 tos the

electrldFidl o8 RE@bPThe LI TRE dipraBls 86 borhysriskd £heaitedd @2 with
term”"voltage" 34 refers t0 a peak-to-peak voltage,

2 spatiRl magitiorcd ReEangsment ditecompising dhed aney éi¥gpf comppments,

acconRoRiiRE Bl JIRwBERAK2 3 E;dﬂ%ﬁgm%ﬁeﬂf%ﬂ! PR @taind42 is made of
2008/ 033104PCT/ SG2007/ 000307 12 above. For exanple,

non-conspctiveryporial 46.foag mehipyinierfercyatinibe eppiehicatietld ad itis

msertéd §b GertbbL G s Gat are the copducting metal plates 52 connected to the

supply of the voltage 34.



-285

290

295

300

545 V/cm when -t he separation distance 53 is fixed at

5.5 cmand the peak-to-peak voltage 345 34 is fixed

at 3000 V. Wien the frequency becones adjusted to
WR2PE/0331%k resul ting constant el ectric fiel dFCI/S52897/000307

V/cm while the separation distance 53 remains 5.5 cm

and the constant voltage g# is 3000 V/cm Results on

enhanced nechani cal properties 350As an illustration,

in the contour plots of FIGs. 6 and 7 many pairs of
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FIG 10 conpares the breaking energy 76, as defined
in FIG 5, of the enhanced silk fiber with various
silk and synthetic fibers. Only a spider silk
WHr28e8 7184 ener gy 180 385 equal to 165 kJ/ kg W§TﬁGgN@ﬂMﬂW

than a sanple | breaking energy 181 equal to 124
kJ/ kg, and a sanple 2 brepking energy 182 equal to
101 1d/ kg. Wereas in FIG 10, a Kevlar 81 breaking
energy 184 equal to 33 kJ/kg, and an artificia

silk Spdrd@ s Sjinhiko bt ek mAder eiesthgys BE stginelt diore SR, dnfl/ikgeasures
EADF-saane 3), as well as a control silk breaking

tou: gy 183 equal to 33 ld/ kg, are markedly inferior
to the breaking energies of the enhanced silk fibers. -
390 The nechanj cal propertles i.e. the breaking
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325 Br’H&k mghaﬂoel gropienies! c‘dmpnghg tmitwdd atresst ﬂessnelslt stain the
Br aﬁﬂge L S, Sﬁar Sk rs L9 Blreclﬁqng (ane gy) and the elastu: modualus, are
tested at a room temperature 22—24 C and a humidity 65%-72%. Their experimental
values are obtained by avefaging over the measurements carried out independently on the
ordinary fiber collection; the control fiber collection; and the enhanced fiber collection

330  for each pair of electric field strength and frequency. An Instron I\/ficroTester 1s employed

-to measure the force—extension characteristics of the silk fibers. Suitable parameters for
the measurements are by way of illustration as follows. A fiber specimen_ with a gauge
length of 20 mm is fixed between two hooks of the instrurnent, with a measured error of
0.1 mm. The specimen is streiched until it breaks and the strain rate is 50% per minute.

335
Definition of the electric field as the stimulus
In FIGs. 6 and 7, the applied stimulus is the electric field that can have a zero
frequency (constant electric field), or a nonzero frequency (alternating electric field). In
FIGs. 3 and 4 we can see that, in either case, the electric field depends on the applied
340  wvoltage 34 and the separation distance 53 between the plates 52. In the case of an .
alternating eleciric field, the term “voltage” 34 refers to a peak-to-peak voltage, and
hence the term “électric field strength” refers to a peak-to-peak strength, as indicated
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above. For example, for a nonzero frequency the peak-to-peak electric field strength is
545 V/om when the separation distance 53 is fixed at 5.5 cm and the peak-to-peak voltage

34 is fixed at 3000 V. When the frequency becomes adjusted to zero, the resulting
. constant electric field is 545 V/em, while the separation distance 53 remains 5.5 cm and

the constant voliage 34 i5 3000 V/cm.

* Results on enhanced mechanical properties
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As an illustration, in the contour plots of FIGs. 6 and 7 many pairs of electric field
intensities and frequencies are used for obtaining the breaking stress 72 and the breaking
strain 74. The adopted separation distance 53 (shown in FIGs. 3 and 4) used for the
measurements is 5.5 om. FIG. 6 is a contour graph of the breaking siress 72 on a plot of
the electric field ﬁ‘equency 80 vs the eleciric field strength 82. FIG. 7 is a contour graph
of the breaking strain 74 on a plot of the electric field ﬁ“équency 80 vs the electric field
strength 82. _

In FIGs. 6 and 7, the breaking stress 72 and the breaking strain 74 vary sirongly
with the electric field strength 82 and the frequency 80. In FIG. 6 the regions A—F 90

mark the foliovmng ranges of the breaking stress 72 in MPa: A 91 300-350; B 92 350-

400; C 93 400-450; D 94 450-500; E 95 500-550; F 96 more than 550, In FIG. 7 the
regions A—F 100 mark the following ranges of the breaking strain 74 in percent: A 101

less than 16. 3%; B 102 16.5%-19.0%; C 103 19.0%-21.5%; D 104 21 -5%-24.0%; E 105

24.0%-26.5%; F 106 more than 26.50. _

FIG. 8 is a comparison of the stress 54 vs strain 56 curves 120 for a sample 1 121
of the enhanced protein material that is a silk fiber, a sample 2 122 of the enhanced silk
fiber, and the control silk 123. In FIG. § the sample 1 121 is characterized by a sample 1
breaking point 181, that is determined bjr a sample 1 breaking stress 140 ahd a sample 1
breaking strain 142. The sample 2 122 is characterized by a sample 2 breaking point 182,
that is detennined by a sample 2 breaking stress 150 and a sample 2 breaking strain 152,
The control sﬂk 123 is characterized by a control breaking point 183, that is dcterrmned
by a control breaking stress 160 and a conirol breaking strain 162, In FIG. 6 the ranges D
94, E 95 and F 96 are associated with the brcalung stress 72 that is higher than the control

~ breaking stress 160 of FIG. 8, that is equal to 468 MPa.
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FIG. 9 is a comparison of the stress 54 vs strain 56 curves 130 of the sample 1
121 of the enbanced silk fiber, the tontrol silk 123 and a spider silk 131. The spider silk
131 is characterized by a spider silk breaking point 191, that is determined by a spider
silk breaking stress 170 and 2 spider silk breaking sirain 172. The sample 1 breaking
point 181, the sample 1 breakihg stress 140, the sample 1 breaking strain 142, the control
breaking point 183, fhe control breaking stress 160 and the control braking strain 162 are
also shown in FIG. 9: In FIG. 7 all of the ranges A—F 100 are associated with the
breaking stress 74 that is higher than the control breaking strain 162 of FIG. 9, that is
equal to 14.8%. “

- FIG. 10 compares the breaking energy 76, as defined in FIG. 5, of the enhanced
stlk fiber with various silk and synthetic fibers. Only a spider silk breaking enerpgy 180
equal to 165 kJ/kg is higher than a sariple 1 breaking encrgy 181 equal to 124 ki/kg, and
a sample 2 breajkiﬁg energy 182 equal to 101 kl/kg. Whereas in FIG. 10, a Kevlar 81
breaking energy 184 eqﬁal to 33 kl/kg, and an artificial spider silk breaking energy 185
equal io 77 kl/kg (ADF—samPic 3), as well as a control silk breaking energy 183 equal o
33 ki/kg, are inaxkedly inferior to the breaking ej:lefgies of the enhanced silk fibers.

The mechanical properties, i.e. the breaking stress, the breaking strain, the
breaking energy, the yield stress, the yield strain and Young’s modulus , of the enhanced
silk fiber samples 1 and 2, the control silk and the cocoon silk are summarized in Table 1.
The quantities referring to the enhanced silk samples 1 and 2 -appear in boldface.
Fractional enhancements of the enhanced silk fibers with respect to the control sill
appear in jtalics in square brackets below the corresponding quantities. The mechanical
properties of the enbanced silk fibers .of the embodiment are compared with the
corresponding - properties of the spider silk, a spider dragline silk (Aranens), a -
recombinant spider silk comprising protein ADF-3, and Kevlar, that is a synthetic

polymer ﬁbér.

Table ] -

Breaking Breaking | Breaking |Yield | Yield | Young's
Material | stress strain energy stress | strain | modulus
.| (MPa) (Vo) (k/kg) - | (MPa) | (%) | (GPa)




405

410

415

29 a 2800

0
S L e ot b5 e 2800 2.5 15k Keviar 81
Wg 2(?0%1%93104 | PCT/SG20071000307
14
Cocoonsilk | 491 (149 37 138 |16 186
Control silk 468 14.8 36 137 1.6 8.5
Enhanced silk | 662 29.8 101 233 | 1.9 122
sample 2 [42%] [101%] | [182%] | [70%] | [19%] | [44%]
“Enhenced sikk | 682 344 4 |58 [18 |5
sample | [46%] | [132%] | [244%) | [15%) | [13%] | /6%
Keviar20® [ 2800 1353 R - . 62
Revlar49° | 2800 2.5 - _ A 124
Kevlar81° | -3600 5 33 - - 90
Spidersik® ] 1200 39 165 150 |- 79
ADF3 Ik | 230 59.6 107 : - .
sample 1 ©
ADF3sik | 270 B4 101 . . -
samplé 2°
[ADF3sik 210 45.0 177 : - -
Sémple 3°
Araneus, spider | 800-1300 | 19-30 72155 |- - B
dragline silk ©

* Philip M. Cunniff. et al, Mechanical properties of Major ampulate gland silk fibers
extracted from Nephila clavipes spiders. In silk polymers: materials science and
biotechnology (eds. David Kaplan, W. Wade Adams, Barry Farmer, and Christopher
Viney). ACS sympositm Series 544. (1993) pp.235-251 '

® Fritz Vollrath & David P. Knight, Liguid crystaltine spinning of spider sitk. Nature, 410,
541-548, (2001). , o C -

¢ A. Lazaris, et al, Spider Silk Fibers Spun from Soluble Recombinant Sillc Produced in
Manmalian Cells, Science. 295, 472 (2002).

It will be appreciated from the above data, that when the electric field was applied
to the silkworms, the mechanical performance of the enhanced silk incréased relative to
the control group. The results of Table 1 Shbw that the enhanced silk fiber of sample 1
has a breaking energy equal to 124 k¥/kg, that is a factor 3.3 higher than the control or
cocoon silk, and hence it is tougher than all of the tabulated materials except for the
extruded spider éilk fibers. The enhanced silk fiber sample 2 has a breaking energy equal
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to 101 kI/kg, that is a factor 2.7 higher than the control or cocoon silk. Kevlar is about
four times stronger than the enhanced silk samples 1 and 2 (breaking stress larger by a
factor about 4), and three times stronger than the spider silk (breaking stress largef by a _
factor 3). However both of the enhanced silk samples and spider silk are 3-4 times
tougher than Kevlar (breaking energy larger by a factor about 3-4) because they are 6-14
times more extendable (breaking strain larger by a factor about 6-14).

Structure of the enbanced protein material

The enhanced protein material, which in the embodiment is the enhanced silk
fiber, has substantially the same primary protein structure, because the protein is already
formed inside the silkworm before application of the stimulus, being the electric field. An
analogous argument holds for the diameter of the enhanced silk fiber being substantially
equal to the diameter of the control silk fiber. '

In general, silk comprises amorphous énd ordered protein regions. The ordered
protein regions comprise protein beta sheets as well as crystallites éompxising protein
beta shests. The crystallites are investigated by X-ray diffraction. The wide angle X-ray
scattering (WAXS) was used fo measure the size and alignment of crystailites and
crystallinity of silk fiber. The small angle X—ray scattering (SAXS) was used to measure
the inter-crystallite distance. ‘

The wide angle X-ray scattering (WAXS) patterns of a bundle of 800 silicworm
silk fibers were collected using a Bruker GADDS X-ray diffractometer with beam size
0.5 mm. The radiation wavelength used was 1.5418 A for Cu Ka. The sample-io-detector
distance was 6 cm and the exposure time was 30 min,

' ‘The small angle X-ray scattering (SAXS) experiments were performed with a

. Bruker NanoSTAR small angle X-ray scatiering system. The generator was operated at

40 kV and 35 mA. A double pinhole system creates an X-ray spot with diameter 200 mm

on the silk and the detector has a spahal resolition of 10 mm. The detectornto—sample

distance is 107 cm. The samnple chamber was placed under vacuum to eliminate

scattenng of air. The silk fibers were placed parallel to one another between two thin

glass plates of thickness 0.1 mm, ‘which were glued together on the edges to prevent

water evaporation from the silk ﬁber in vacuum.
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were mvestigated by X—ray diffraction. These crystallrt&s have an orthorhombic unit cell,

The crystallite dimensions L, lyand ., as determmed by X—ray diffraction, are tabulated in

Table 2. The longest dimensions of the crystallites, l., have various orientations with

.respect to the fiber axes. The distances among the crystallites as well as the angles

between the various crystallites and the fiber axes can be detmnmed by X-ray
diffraction. An orientation fimection J measures a degree of ahgnment among the

crystallites:

f= E(3(cos2 o)~ |
) When all the Iong dimensions 7, of the crysfallites are aligned parallel to the silk
fiber longitudinal axis, f = 1; when all are aligned perpendicular to that axis, f=-1n.
‘When the Iong'dimensibns I; are completely randomly oriented, f = (. A comprehensive
orientatioﬁ function <j>-is an average of individual orientation functions f over several
(about 800) silk fibers. In Table 2, the comprehenmve onentatmn function <fp> for the
contro! silk fibers is 0.84. The comprehensive orientation ﬁmctlon <fo> for the enhanced
sitk fibers is 0.9. Crystallinity is a volume fraction of the crystailites in the silk protein
material. The crystallinities of the control and enhanced silk fibers equal 27, and do not . -
differ at a detectable le‘}el. The distances émong the crystallites of the enhanced silk
sample 2 and control silk are also tabulated in Tabie 2. The breaking stress and breaking
strain for the enhanced silk sample 2 and the control silk (see Table 1) are also included
iy Table 2 for completeness. '
We observe that the valus of the breaking stress increases from the control silk to

" the enhanced silk fiber. Considering that this increase is accompanied by an increase of

the comprehensive orientation function <> from 0.84 to 0.90, we conclude that the

_mcrease in the - breaking stress and breaking strain can be attributed to the increase of the

degree of crystalhte alignment in the enhanced silk fiber.

Table 2
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CLAIMS

1. An enhanced protein material produced in the presence of a stimulus, said protein
material having a dimension longer than 1 m and mechanical performance that is higher
than silk fiber produced naturally by an invertebrate, in an absence of said stimulus,

with the proviso that the enhanced protein material is not a regenerated silkworm-

protein material, and the invertebrate is not a spider .

9 The dimension of the enhanced protein material of Claim 1 is tonger than 10 m.

3. The enhanced protein material of Claims 1 or 2, wherein the mechanical performance
comprises at least one of a yield stress, a yield strain, a breaking stress, a breaking strain,

a breaking energy and a elastic modulus.

4. The enhanced protein material of Claim 3, wherein said enhanced protein material is

an enhanced silk fiber produced by said invertebrate.
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In anot her disclosed enbodi nent of the invention, the
stimulus is optical radiation 480 generated by room
light. As explained earlier in the section on
definitions, the definitions of "enhanced protein
fiber" and "control protei2fi fiber" differ fromthe
correspondi ng definitions enployed in the previous
enbodi nent . . eriments re carried ou
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7. The enhanced protein material of Claim €, wherein theenhanced silk fiber has at least
one of the following properties:

a yield stress is more than 150 MPa;

a vield strain of more than 1.8% ;

a breaking stress of more than 505 MPa;

a breaking strain of more than 17%;

a breaking energy of more than 50 ki/kg; and

a breaking elastic modulus is more than 10 GPa.
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8. The enhanced protein material of Claim 5, wherein said enhanced silk fiber comprises
substantially the same primary protein structure as silk fiber produced naturally by said

invertebrate, in an absence of said stimulus.
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It is shown fromthe table above that the room i ght
stinmul ates the sil kwornms to produce stronger silk as
indicated fromthe increase of breal dng stress of the
silk from409 MPa to . 489 MPa when the silkworns are
subjected to roomlight radiZzation . It can also be
seen fromthe table above that there appears to be a
slight inprovenent in the breaking strain 500 of the
sil k produced by the silkwrns that are subjected to
9. 1192 r@nhé&% E’(ﬁ%h%éﬁgpal ﬁ‘p@ll %t 'wq’i ngb‘?d ‘éhﬁ&l@&f &% fiber has a
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INYPRERIAL DATEGEACE P 3G 158 and control fi bers,
produced by aninmals that are not subjec ed to the
stimuli. The discl osed process therefore provides a
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nodi fication to inprove 515 the strength of -the fiber
and hence is |less costly. The discl osed process
- provi des an enhanced silk fromsilkworns that, due to
its enhanced nechanical performance, nmay be used as a
substitute for other naturally produced fibers such
as spider dragline silk. It will be apparent that
various other nodifications and adaptations of the
invention will be apparent to the person skilled in
the art after reading the foregoing 520 disclosure
wi t hout departing fromthe spirit and scope of the

. invention and it is intended that all such

nodi fications and adaptations come within the scope

of the appended 19 CLAIMS 525 1. An enhanced

protein material produced in the presence of a
“stinmulus, said protein material having a di nension

| onger than 1 m and nechani cal performance that is

hi gher than silk fiber produced naturally by an

invertebrate, in an absence of said stinmulus, with

the proviso that the enhanced protein material is not

a regenerated sil kworm 530protein material, and the

invertebrate is not a spider



2. The dinmension of the enhanced protein material of
Caiml is longer than 10 m 3. The enhanced
protein material of Clains 1 or 2, wherein the
mechani cal performance 535conpri ses at | east one of a
yield stress, a yield straid, a breaking stress, a
breaki ng strain, a breaking energy and a el astic
nodul us. 4. The enhanced protein naterial of Caim3,
wherei n said enhanced protein material is an enhanced
zsgh@ cfilBeda PloRAGRA-AY 0P ®1flal 1Y CRAEDRAL Bompdfemfte GiRtation
e enhanced protein materi al Cami4
funehien €f.h asdoeiafed watht teberdiaecddssily fibet’ kmstaﬂ%@glpam, @slarger than
. selected from oup c rising Bonmbyx nori,

6550 o BRpfER P ERORT ST Tar a3 BU phems. 6. The
enhanced protein material of Caimb5, wherein the
enhanced silk fiber has at | east one of the foll ow ng
properties: 560a yield stress is nore than 140 MPa; a
yield strain of nore than 1.7% a breaking stress of
nore than 498 MPa; a breaking strain of nore than
16% a breaking energy of nore than 40 kJ/ kg; and
565a breaking elastic nodulus is nore than 9 GPa. 7.
The enhanced protein material of Claim6, wherein
t heenhanced silk fiber has at |east one of the
followi ng properties: a yield stress is nore than 150
MPa; 570a yield strain of nore than 1.8%; a breaking
stress of nore than 505 MPa; a breaking strain of
nore than 17% a breaking energy of nore than 50
kJ/ kg; and a breaking elastic nodulus is nore than 10
GPa. : '
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tenperature and a humdity in a way that does not
13dThd eihafisdISiraRtd AbleMall oMM X Fhdeih (B¢ estgieBkensive orientation
natural |y by said invertebrate, in an absence of said
fungtipprfen ds largentharr@d4enhanced protein material as
clainmed in any one of clainms 1 to 10, wherein said
enhanced protein material has a crystallite alignnent
14dEyr ehahégheoteinhmatesalsefl Kaiim by wiereid ube domprehenaive yoriogtation
an ani.mal, o ertebrate species in an absence of

ﬁl‘?&f"a%?i‘%‘ﬁ’fgﬁ%‘?‘g“ E% 635 640

15. A compésition coniprising the enhanced protein material of any one of the Claims

1—14.
16. A product comprising the composition of Claim 15.
17. A mixture cdmprising the enhanced protein material of any one of the Claims 1—14.

18. A product comprising the mixture of Claim 17.
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23 - 12. The enhanced protein material of Caim 11,
wherein a conprehensive orientation function <fe>
associated with the enhanced silk fiber's crystallite
alignnment, is larger than 650 a conprehensive
orientation function <A> as¥ociated 24 with the
crystallite alignnent of a silk fiber produced
naturally by an animal of an invertebrate species in
an absence of said stinulus. 65513. The enhanced
19pA9Eﬁ{aﬂcéHB§H§rﬂb%¥ Pl%fducgd@g@ s?i%wo%ﬁfﬁb ?rets&ﬁ:e of a stimulus, wherein
conprehensive orfentation function <fe > 1s larger
thct trﬂnan@d&ﬁk fibér isTine acbemcedl plkovenssilkdiber,ithd eldfancadaﬁllm fiber
wherei n the conprehensive orientation function
%> i's larger than 0.89. 15. ‘A conposition

'alﬁgﬂﬂmmﬁbﬁﬁwéﬂﬁnenhanced protein material of any one .

of the Cajns 1-14. 16. A product conprising the
a yiRdthrerss thabls mgpre hagi 15D MP2 17, A nmixture conprising the

ay?@@%ﬁﬁlapfs%&é%ﬁqt@{)l al of any one of the Cains

ct conprising the mxture of Caim
a ble?lkm@%treﬁmat 152150re tha §05 MRa,enhanced sil k fi ber

roduc [ 9k N the presence of a stinulus,
l%ﬁ%?% ﬁ%ﬂgwﬁ84ﬁ§% 9Fk fiber is not a regenerated

ab‘ﬁéaldﬁ‘g(éhmg§Itﬁdﬁlsfmb[erthantﬁmcjﬂdghanced si | k fiber 685

having a length that is nore than 10 yi el d
a C§FP’@§§HSE‘W£HE’P§‘U% FECHAR @aMﬂémr%ﬂW‘é’l @ strain that

a dlt§m&@1r ehat NRuEstBYmAy REEAKLNY dRitRS Soft Raaniral m(?v%nhﬁﬁﬁ fiber

MPa, 690a breaklng strain that is nore than
produced naturally by a silkworm in an absence of said stimulus,

the enhanced silk fiber comprising a primary protein structure that is substantially equal
to a protein structure of the natural silkworm-silk fiber produced naturally by a silkworm
in an absence of said stimulus, '

the enhanced silk fiber responding to environmental conditions comprising a temperature
and a humidity in a way that does not differ substantially from the natural silkworm-silk

fiber prodl_lced naturally by a silkworm in an absence of said stimulus.

20. A composition comprising the enhanced silkworm-silk fiber of Claim 19.
21. A product comprising the composition of Claim 20.

22. A mixture comprising the enhanced silkworm-silk fiber of Claim 19
23.A Product comprising the mixture of Claim 20.

24. A method of formation of an enhanced protein material comprising the steps of:

a) taking an animal of an invertebrate species that is able to extrude a protein material,
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b) pppIYRS ApLBpiEg toghe ani

a breaking energy that is nore than 50 1J/ kg, a
conprehensive orientation function <fle > that is
nore-than 0.89, a dianeter that is substantially
equal to a dianeter of a natural silkwormsilk fiber
produced naturally by a sildgamormin an absence of
sai d stinulus, 695the enhanced silk fiber conprising
a primary protein structure that is substantially
equal to a protein structure of the natura
sil kworm.sil k fjber oduced_naturally by a sil kworm
il i e ot lelies Rl o1 |
thd diip@us RRNRDGI ANBedna@nieN\HeFORMEOE 8f a SRiE] piddEI8 material,
conprising a tenperature and a hum dity in a way that,
theyprisrah orro@icf maierigh g thei Arotyingmsial Hatided, by the animal in an

' ik 700 fiber produced naturally by a
ab%#% %g%€$?ﬁh§% absence of said stinmulus. . 20. A

ang¢onposi ti on conprising the enhanced sil kwormsilk

o e Rty SR achiisi seleraloRuti&ohe GRRRL, G 09 1

conpri sing the enhanced silkwormsilk fiber of Claim
23. A product conprising the mxture of . d aim

19 . )
255 the mathodiof AlairbRhchesin thersiribbiyribs campeistaRelying the stimulus

while %eeéhﬂalf@% &)%t@fn, FABR EShe dxitBa&t e Fhimaft) taking

an ani ma an invertebrate speci.eés that Is able to
extrude a protein material, 26 b) applying a

‘st mul us, to.the,ani.mal., .wherejn.the stinulus gxcl -
26; et SR TR 0 SERTIhAG e B M Shnutus
updeh beginmng of 8f earBainfahe pitahaidn plodie iaddrial,tah@ maintaining the

.natural protein material being the protein materia
stimplup yptdl @ aoynplgtien HheEKUPHOmN absence of the sti.mul us,

and c) collecting the enhanced protein materi al
extruded by the aninmal. 720 25. The nmethod of daim
2728he mitboddiClatne 24 fophdrispmpising e step ddpromypsisingmobtyitistphing the

enlﬁ)agl?%d; tp}'é(ﬁ%#{ %&e\ggi) l@&qr&:@ﬁegzﬁ?%%?e%ﬁa&gg tp%(i)tginn%étgrriaiﬂ aelxtnllé?ed by the

animal.

28. The method of any one of the Claims 24-27, wherein the stimulus is one of: an

electromagnetic field, a radiation ficld, an opfica] stimulus and an acoustic stimulus.
29. The method of Claim 28, wherein the electromagnetic field is an electric field. '

30. The method of Claim 29, wherein the invertebrate species is a silkworm species and
the animal is a silkworm selected from a group comprising Bombyx mori, Philosamia

Cynthia and Telea Polyphemus.

31. The method of Claim 30, wherein the silk protein material is a silk ﬁbér, the natural
silk protein material is a natural silk fiber, and the enhanced silk pfotein material is an

enhanced silk fiber.
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26. The nethod of C aim 24, wherein the step (b)
further conprises applying the stinmulus 725upon a
begi nni ng of an extrusion of the enhanced protein
material, and maintaining the stinulus until a

conpl etion of the extrusi o7 27. The nethod of
Claim24, further conprising a step (d) conprising
post -stretching the enhanced protein material after
col l ecting the enhanced protein material extruded by

2 41 RS T Phim, 3 £ Pk Y P P Bl OF . 0
prePhi@ed ArodppEARE ifer dpbBlirh tha atatitkictotric feldlio sahwoms cal
stimul us and .an acousti ¢ stlnulu . 735

thegPPEPRIS PDRIISIh 8 CRRRINEH éheeqogggr}eb 5% é‘flfag}yf E’Bé'il%oqeé I%%{“rplacmg
theeshlﬁﬁ%ﬁﬁscsuf:ﬁ Blabihe RQricd Féﬁ{alﬁﬁ%nﬁ’[ffec@d%ffh@ BontNh&! /idplacing

e invertebrate species is a silkworm'species and

- thetshiswamisia (the mrticgied kowpies el ect ed from a group

.conprising Bonbyx nori, Philosama Cynthia and Tel ea
Pol yphermus. 740 31. The nethod of O aim 30, wherein

3311 Béthdd qstr(nmm 30 whtrelni tad st (b figitiek ccfrh;hlmes thiels&ps of:

pat.ur al in na erial is a natu silk
activafipg the g tr’t"l’fglfgw %W?YRIS SFERds ?P"Prﬁ@fgf’[?yal is an
bn%ﬁgmﬁ@ ar® éﬂﬂénéén%f ofa %Zch%ﬁé%er%ﬁﬁarﬂ@bhﬂh@ n@hur£Pksaat fiber,
wherein the step (a) further conprises preparin :
theanecélpplaalateufgnn@me appIpyibing onger mOlft’egE atyielg sepwce piedd strain, a
breale S e A St s AR R RS B
for placing the si | kwor s suCh_that t he electrlc

field re ns. unaffected by the nta '
34 koo RRCI RaOTEs Frelstaiaif Bie0 AameBt Apstes feld with
apgglpto ak st RNkl —Ch@ Mca? wherein the step ( b)
further conprises the steps of: activating the
electric field when the sil kwornms begin to spin,
t-per /
35 AR O3 3Rl AL EEIRPERIER @d Ralif a0 o
unﬂﬁ@@ﬁﬁ#&ﬂb\@@nfornance conprising one or nore of: a
yield stress, a yield strain, a 755breaking stress, a
breaking strain, a breaking energy, and an elastic
36U &Bed of@lain hs wiRtd® the@lecElcfidil 3anveratine tlB&ric field with
electric field is an alternating electric field with
a figqpamgk it vrapeal —<tMéligt h in a range 0- 2000 V/cm
76035. The nethod of O aim 34 wherein the alternating
electric field peak-to-peak strength is in a range
37 OP}ﬁ:Gﬁeth/éctnf Clatn 36 vehengit HediltefmadhaélnatSs figkddregiiencyhein a range
eciric field is an alternating electric field with
yﬁ%ﬁuency in arange 0-2 MHz. 765

38. The method of Claim 37 wherein the élternating electric field frequency is in a range

0—>5000 Hz.

39. The method of Claim 38 wherein the electric field is an alternating electric field with

a peak—to-peak strength in a range 0—600 V/cm and a frequency in a range 0—35000 Hz.
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37. The nethod of C aim 36 wherein the alternating
electric field frequency is in a range 0-1 MHz.
38. The nethod of Caim 37 wherein the alternating
electric field frequency is in a range 770 0-5000 Hz.
39. The nethod of Cl aim 38 2therein the electric field
is an alternating electric field wwth a peak-to-peak
strength in a range 0-600 V/cm and a frequency in a_
range 0-5000 Hz. 28 775 40. A nethod of formation of
4028 nRARRNTES b of 1P&handel il REHEOthe GRARIJ c%hﬂﬁs?n@@he steps of:
steps of: a) taking one or nore silkworns, " b
a)ptkmg@mﬂngmamalbpfarras,us for applying an alter nat i ng

b) g’lf & 1t11§ ggar% t%% ﬁ]%e%ﬁ) ﬁ%%ﬁ%cglgzér%éégﬁf Jeld tt0'7t§9 tong or more

s:llak/@ﬁtsrlc field strength is in a range 0- 600 V/cm and

alterntln ectric field fr a.ran
he BB et e i sategee Sl el iteaklbds it § pge 0—
606 VAR LReAn Q%‘rﬂb@iné Wieb@ k1 dORe ({ubﬁdy%‘ﬁﬁalfaﬁ e PLagion @A he
one or nore silk worns such that the aI ernat i ng.

thegppareivis compesiog ﬁé‘mﬁﬂﬁ@, unaf f ect ed by t he contai ner,
| I
the t%ﬁfazr%e? Ig%gl 'g%lggnl%? eﬁ'gﬁon%d J?P}%Ig%lﬁ% h‘{él ng olPe [kew m%s such that

theee{heﬂiatmgetfettﬁb ﬁelmennamhenaffeetedrbynmc&)nmlmk,mr ns begin a

spi.nni.ng process,. thereby bringi about an
) BIAFIA LR O B SRS TAY P%ﬁ HRFANGESD! & nat ural

) Sabdnlfauhg he¢ aalthlﬂﬁtlﬁga%}éﬁt%b 18 KatfehPRE dRET dIOmeRet gxu&@ﬁmbmegn a

he one or nore silk worns in an absence of the
splanmg pregessniierebrdringiag phait an erppceniat pe magtiapighl performance of
e
o RSP VEAIRE SRS N oG8 B bl b s goms i
anabsrea(bemftm fitcmakinp gleetmierfgyd, and an el astic nodul us, e)

e BRBPORHFIERS SBTTAIW T oot ol oy s,  vield stin,

bre%!%ﬂnlg Qfrbds rhgb&m@n§§Hm Gleakidgentidhand extihsidatodyust he

one or. nmore sil
¢) maintaining the alternating electric field until compleuon of the splnnmg process, and

f) collecting the enhanced silk fiber extruded by the one or more silkworms. _



